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NOTICE

This report vas prcparsd as an aceouat of Governacnt-sponsored
work. Nelther the Uuited States, nor the Matioral Aeronautics
and Space Adciniatration (NASA), uor any person asting oa behalf
of NATA:

A.) Makes any vrrranty or refresentation, expressed or
implied, with respect to the accuracy, completeness,
or uwsefulness of the informmtion conteined in thls
report, or that the use of any informmtion, apparatus,
method, or process disclosed ir tliie report may not
infringe privately-owvned rights; or

B.) Assumcc any liabilities withs respect to the use of,
or for damages resulting irom the use of, o~ infor-
mation, spparatus, method or yroceas disclised in
this report.

As used above, “person acting om dehalf® of NASA" includes

ARy - agldyee Or contractor Of NASA, or employee of such com-

tracior, to the extent that such employee Or contractor of NASA
or exployee of such contrector prepares, disseminates, or
provides sccess L0 any informaiom pursuant 1o his employmsnt
or contract wvith KASA, or his esmployment with such coantractor.

Requests for copies of this report should be referred to

National Aeronautics and Space Administration
Scientific and Technical Information Facility
P. 0. Box 33

College Park, Mi. 20740
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PROPERTIES OF GRAPHITE PIRZR COMPOSITES
AT CRYOGENIC TEMIRAT-PES

Prepared by:
Robexrt A. Simon
Richard Ajfr

~

ABSTDACT: “Keed for lou-weight, cryogenic pressure vesszls for spacecreft
resulted in XicSA-Lawis. funding an investisation at-NOL to wasure grarhite

£iher composita yroperties at cryogenic terperatuves. vfoe > Loveotigatios vas
divided into 2ix tasks; cnly Tasks I and IZ are veported hezasa, - Tark-Yivu3

an iavestigation of mechanica) proverticg of several tibers erd resiun as
coopoaita sirends, oars, &nd ROL rings.and’shoved tta% comporits modwli fucreased
by 0 to 20% at -195°C, and cosposite tensile s*rengths decrsaecd by 0 to 304, -
Beading fatigue at 50% breaking stress and 100C cycles deterforated ringe less
uhen cold than shen'at roum tesperacwre. Therral contyaction tests uf coporives
showed che grephite fiberas to have a ulight negative coefficient. Combinzd with
recins ¢n composites, tha resin matrix would experience up to 1.5% strain vher
cold duz 50 its taermal contraction. -

Tasl IX;was the desig:, fadbrization, and testing of graphite filament
wound pocssure vessely,end was contracted to ths Aerojic-General Coxporation,
Azusa, Californis. Veesal ultimate strains of 0,2 to 0,5% vere found, vhich
are gentyally comatlible with the stainless st.2el liners used or with other
candidate liner saterials. -fiLe ypressure vcsssl, performanze factor of PV/W
showed the graphite vensels {0 be ccxmpetitive with borer and two-thlvds as high
&6 {iberglase.
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APPROVED BY: ¥. Robar{ Barnst, Chief
Fon-Fetallic Fhterials Divislon
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WHITS OAK, SILVER SPRING, MARYIAND

<5

9

A TINS O e & e

B ea trenmt

[N

R AN o oA 4 S 4

S T e g e

AN e

N e R

. AR et WA R o

PUOSON I




o 725‘,?:5‘ “Zi“f ;— e ‘.Zg*d:%'

ROLTR €9-183 13 ¥ay 1970
TROPERVIES 07 GRAPEITE PIBER COMPOSTTXNS A2 CRYOGENIC TEHFERATURES

Thiys report describes the resulis o) tests of graphite fider composites at
cryogenic temperstures. The tests w/:e to get preliminary data lesding toward
use of this material for cryogenic tswksge for spacecraft.

This report suwmarizes the results of Tasks I and II, vhich covered the period
Jupe 1967 - August 1969. Work is continuing, with Tasks ITY - ¥I in p .gress.
A report will be issued on Task XXI and apothar on Tasks IV - VI. The vork
vas funded as MASA Defense Pucchuse Request C10360B by the Natiomal Aerosautics
and Space Administration (MASL), Levis Research Canter, Cleveland, hio.

The NASA Froject Munagor wap j¢r. Re F. Iark.

GERGE G. BALL
Ceptain, USH
Comsander
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' 1. YHTRODRCTION

gy

The graphite {or graphitic) fibers are candidate materials for making con-
tainers for presssurised cry.genic ligquids. Filament vound conlviners made from
these fibters chioulld give vall struins of 1% ov less. Use of glass fibers has
glven strains of 2 - 4%, too high for the simn capability of the onterials
used as the internal liners to Drevent gas leakioa (vefs. {a) and (b)), But
1little is knoum of the mechanicsl propertics of yaphite fibers ot cryogenic
temperatures.

" This program vas done to obiain data on the strengths and aodidi of graphite
fiber couposites at temperatures down to liquid hydroger teaperature. Wurk vas
divided by RASA into Tasks i - VI; only Tasks I and II are reported herein.
Zesk I wus & preliminary investigation of several fibers, resins and fiber
finiches in various combiraticns as inidirectiopal composites.l Task IT vas
the design, construction, and testing of filaa:nt wound pressure vessels using
the best materials from Task I.© Follov-on work, involving Tasks III, 2V, V,
and VI, {5 nov under wvay at this laboratory and will be reported subsequently.
Io, :tigations of both graphite and baron in this application at other labora-
tories are being pursusd (refs. (c) and (d)). Duta from all of these tasks are
expected to rind eventual uss in the design of filament wound cryogenic con-
tainers for HASA specccraft.

Ii. EXPERIMENTAL WORK

A, TASK X

Task I wvae an exploratory investigation of candidate materiuls. Five fidvers,
tvo resins, and three fidber surface finishes wvere combined in various cozbina-
tions into unidirectional ccaposites and vested for mechanical properties at
roo and cryogenic temperatures. Not all combinations of materials were exposed
to a1l tests; some wmpromising coudinations vere eliminated early.

1. Materials

a. Pibers. The following table shows the fibers used in this study:

Surface
Treated by
FPiber Tora length Manufacturer 8ized
’ RAE (Morganite) I Tow 6 inches Ko Yo
Mrganite IX Tow 1 meler & Some untreated, Xo
. continuous some treated
Thornel 50 2-Fly Yarn Continuous Ko Yes - VA
Hitco MO 2-Fly Yaxrn Continuous No No
Samco 320 Tow 6 inches Ho No
1 Taak I vas done by the Kaval Ordnance Izboratory, Silver Spring, Maryland
2 Task IX wvas contrécted to and done by Aerojet-General Corp., Azusa, .
Project Mapneger Richard Alfring. N
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Fibers, as received, were experimental or early production lots
from manufacturers and, in some cases, exhibited faults which would not be
exzected in volume production. Included were breaks, stiff spots, and sepsll
fuzz accumla*lzgs. Poor packing, resulting in fiber demage during shipcent,
vas sometines evident. These faults mede handling the fibers and getting good
cozposites more difficuit. Figure 1 shows fiber yarn and tow on spools; no
specigl fiber damge is evident in this protograph.

b. Fiber Surfe - #inishes. PFiber surface f{inishes were applied to
increase the resin-to-riber bond and to determine the effect on composite
tensile strengths. The following table shows the finishes tried:

Finish Applied to Piber
Hione - fiber as received Al
Whiskering Al
Nitric Acid Boil Thornel 50, HM: 25,

RAE Type 1, and SAMCO 320

"Whiskering™ is « process of depositing B-silicon carbide whiskers
in the aoount of 2 to 8% by weight on the surface of graphite fibers by exposure
in & furnace to specific gases. Whiskering has produced shear strengths of up
to 14C x 10° n/n? (20,0C0 psi) in graphite fiber composites. It is described
Dore fully in reference (e). The nitric acid treatment was reported by Herrick
{ref. (£)) and consists of refluxing the fiders in 70% nitric acid for 2% hours
and thea water washing. Both treatments reduce the temsile strength of the
fibers. The inclusion of such treatments in this progranm was to determine if
increaced resin-fiver bomd would yield unexpected composite results.

c. Resins. Tvo epoxy resin systems were chosen, as followe:

Resin 1. ERIA 2256 Rezin
223, 0820 hardener 27 phr

Resin 2. Epon 828 resin
Duodecenyl succinic anhydride 117 phr
Expol ) 20 phr
BDMA 1 phr

A1)l ingredients were standard or coramercial grade. Resin 1 wes

chosen as a standard for comparison. Resin 2 was developed by Acyojet-General
for cryogenic use with glass (ref. (g)).

2. Composites
The composites made vere the following:
a, Strands. A strand is a single fiber yarn ur tow dip-impregnated
with resin, hung straight, and cured. After curing, tabs cre bonded to the

ends for gripping in a temsile strength test fixture. The general procedure
used vos essentially what is now a tentative ASTM specification, reference {r).

2
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Figurc 22 shovs a typical strand ready for test. Strands were used to measiure
the tensile strength of the graphite fibers.

b. 3dars. The bar design used in this study 1s shown in Pigure 2b.
This has unidirectiocnal fiber, cut to length, ixpregnated with resin, then
hand 1aid in & mold and cured. After curing, electric strain geges suitable
for cryogenic liquid irrersion were bonded to each bar specimen. The bass
vere used to messure tensile modull of the graphite fibers.

c. NOL Rings, The NOL ring, described in reference (1)) was used as
a supplczentary specitien to cbtain additional tensile modulus and strength
data, and it also vas used to obtain tensils fatigue dats at 75% of ultimate
stress for 1000 cyclee. Other tests run using ring segments were short beam
interlaminar shear strengths and 3- or L-point flexural strengthes and moduli.
FPigure 3 shows ag ROL ring and certain fixtures uev.d in testing NOL rings.

d. Coefficient of Thexrmal Expansion Specimen. The coefficient of
tierml expansion specimen consisted of a uzidirectional molded laminate 13 cm
(% in.) long, with & thickness and width of 0.318 cm (0.125 in.) and 0.535 e
(0.750 in.), respectively. After thermal expunsion measurements, the bars were
cut into shear specaiens of 5:1 span/depth ratio.

3. Tezperatures
Test tomperatures were 22°C §72'r), -195°C {~320°F) (1iquid nitrogen),
and ~253°C (-423°F) (iiquid hydrogen). NASA, Lovis Rescarch Center performed
the liquid hydrogen testing. Fot all specimens were tested at all texperatures.
L, Tests

The following table summrizes the specimens and tests.

Corpnsite Test Method
Strond Tensile Strength Ref. (h)
Bar Tensile Modulus Electric Strain Cage
Ring Tensile gBendin.g) Yodulus Ref. (1)
Tensile (Bending) Strength Het. (1
3- or 4-Point Flexural Modulus Ref. (4
3~ or L-Point Xlexural Str. Ref. (1
Short Beanx Shear Strength Ref. (1

Tenuile (Sending) Matigue
Strength, 1000 Cycles, 75%
of Ultimte Streas Ret. (1)
Al) Resin Coateat Burn-off, Appendix A

B, TASK 11

Taek II vas the desizm, fadrication; and testing of 12 clesed-end grephite
filamnt vound pressure vezsels, approxirately 20 cm (8 in. ) in diameter and

3
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33 co (13 in.) .n length. The purpose of testing the vessels w3 to determine the
effect of test tewperatures on the dburst strengths of the vessels. Mterials
used vere Thornel SO and Movgraite II® graphite fibers and resin 2 (828/psA/
E10%0/BDMA), & showa to be best from Task I (Section ITZ.A.12).

1. Structural Analysis and Des’sn

The wmetal-lined, filament-wornd test vessel was & closed-end cylinder
designed to arhieve = lonsnitudinal.to-circunferential strain ratio of approxi-
mately 1:1 and a burst pressure of 17 to 12 x 106 n/m? (2500 to 2750 psi) et
22°C (75°F). This vessel, fadbricated from in-plane lonzitudinal windings and
circuaferential vindings wound over a 0.015 cm (0.005 in.) thick Type 304 SS
foil liner, was sclected fron experience acquired in rrevivus development efforts
(refs. (c) anme (a)). *

It vis assumed that the ultimate filameat stress for the longitudinal
windings vas 8.97 x 108 n/? (130,000 psi) and 10% higher, or 9.85 x 108 n/w?
{143,000 psi), for the hoop filaments. This design sirength was selected from
the results of Taskx I. Although different strengths were expected for Thornel 50
and Mrrcenite (Type II) in the vesseis, & single set of design stresses vas used
to facilitate a comparative evaluation of the two graphite filaments.

Tvo vessel designs vere prepared and analyzed in detail, one for winding

from Thornel 5C yexn and one for windi=g from Morgauite II tow. However, midvay
through the program it was evident that two tyoes of Morganite II vessels should
be fabricated and tested. Thic was because the Morganite II tow received from
NOL had a larger crocs-sectionpal area than anticipated, produced a heavier
vessel than desired, and gave a design burst pressurc 40 to 50% higher than
that of the Thornel 50 vescels. To allow fadbrication of six vessels with the
availnble Morganite IX material, three vessels were mn - ¢o the initial
Morganite II requirements (called a "three-thirds wall vessel”) and three
vessels vere made to a modified design (cailed a "two-thirds wall vessel” ).
The "two-thirds wall vessel” was wound with four layers (two revolutions) of
longitudinal and nine layers of hoop winding. The balance of the discussion
relates to the design of the Thornel 50 and Morgapite II (three-thirds wall)
vessels.

Dinensions of the head contours and other vessel charscteristics vere
defined with the aid of a computer program that analyzed and provided design
paraneters. This progranm defined the optimum head contours, the filament and
liner stresses and strains at various internal pressure levels, the required
longitudinal composite thickness for the heads and cylinder, tus heop-wrap thick-
ness for the cyli.der section, the filament path length, and the weight and voluxe
of the corponents and complete vessel.

* Morganite 1I fiver is also available from the mnufacturer in ¢ surface treated
version, designated Morganite 1Y 8. It was the Morganite IX S vhlch was sup-
yvlied and used throughout Task II. But in the Task IT text and figures, the
Tiber 1s roferred to simply as Morganite II.
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The design of the vessel, resulting from the computer progrsa, is shown
in Pigures Ya and Ub. The design includes s metal foil liner, an adhesive
fiberglass scrim cloth layer to promote better bonding of the line:r to the
graphite vessel wvall, and alternating longitudinal and hoop vindings of graphite
fiver impregnated vith epoxy resin. Design parameters, vinding pattern calcu~
laiions, and an analysis of the stresses, strains, and veights are shown in
Appendix C.

2. Fadrication

Graphite filament-vcund, metal-lined tanks vere fabri:ated . accordance
with the design shovn in Appendix B. The liners vere mrle from AISI Typs 304
atainless steel Ly pressure-forming the end domss, machining the polar bosses,
rolling a cylmd.ric_p scction, and roll.resistance seam velding the segments.
The liners, covered with scrim clsth, then were overvound using in-process
apoxy resin impregnsted graphite fibers. Tvelve tanks veie fabricated and
teste': six of Thornel 50 graphice yarn and six of Morganite II graphite tow.
In addition to the twelve vessels, 137 graphite strand test specimens vere
fabricated and tested.

Liner febricatica vas in accord vith previous vork done by Asrojet and
1a described more fully in Appendix D. The grephite filament used in the vind-
{ng vas 12 pounds of Thornal 50 and 12 pounds of Morganite 31 8 supplied by
NOL. Drta, supplied by the "anufacturers, for the fiber tensils meduld and
strengths of these fiders are shovn ia Tadle 1. My of the rolls vere tested
by Aerojet for the same properties. Extensometers for measuring elongation
vere mounted directly on irjregnated and cured fiber strands. These procedures
are dcscx)-ibcd in Appendix ¥, (Thcse mossured properties are also shown in
Table 1.

An extensive dewcription of the vinding of the viteels is given in
Appendix E.

A maber of problams vere encountered during the fe'xricstion of filazent-
wound vessels. Such problems included yarn and tow received frcw the manu-
facturers in poor condition, many “iber breeks encountered during collation
and vinding, high resin piekup, fiter slippage o the domes during vinding, and
fiber "vash” and vrinkling vhen vacuum bag cures vere used (Figure 5). Some
of the probtlems were reduced or solved early, &nd othars vere nrt resolved
prior to ccapletion of the winding program. All vere typical of first use of
a nev or experivental material. In all, 11 of the 12 vessels vere (onsidered
to be adequate in construction £nd suitsble for test. Only vessel N-2 vas
considared substandard in construction, and results of this test vere particlly
discounted. Pigures 6 - O show typical compleled vessels. 'fable 2 gives a
fabri.ation dats summary for the vesscls.

3‘ Tests
The 20 ca (8 in.) diauwster by 33 cw {13 in.) long graphite filammt.

vound, metal-lined tanks ware tested to devermine their burst strengths and
strain vs. pressure charscteristics. S
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The 12 vessels were sublected to single-cycle burst tests at a rate of
pressurization that produced & strain of approximately 0.25% per minute in the
longituidnal and circumferential divections. FPive wers tested at 22°C (75 °F),
3 at -195°C (-320°F), and & at -253°C (-423°F), as shown in the following table:

Fiber No. of Vessels Test, °C Temp., °F
Thornel 50 3 22 5
1 -195 -320
2 -253 <23
Morganite II A 22 75
ad -195 -320
2% =253 -h23

# Includes one "taree-thirds" vessel and one "two-thirds"
vessel.

Data xecorded continuously vers the internal pressure, exterior-surface
temperature (cryogenic tests only), and defl~ation vs pressure relationships at
three points to provide hoop and longivudinal strains. One set °f hoop-strain
meacurenents was made at the center of the cylindrical suction, and two oets of
axial -strain measurements were made at different points along the cylindrical
section. In addition to the strain measurement instrumentation usuelly used by
Aerojet for testing, long-wire strain gages were evaluated by installation on
all six Jorganite II vessels.

Water was used for pressurization for the 22°C (75°F) tests, liquid
nitrogen for the -=195°C (~320°F) tests, and liquid hydrogen for the -253°C
(-423°F) tests. The test fixture consisted »f & vecuum chamber with provisions
for instrument leads and vacuum-jacketed gas pressurization linec and cryogenic
feed and vent lines. Remote instruments recorded pressure, tespexxture, time,
and vessel strains. A television camere and audio system provided for viewing
and listening. The tests ended at veasel rupture, as iudicated by nnise and
sudden pressure dropoff. More details of the test procedurc and instrumentation
are given in Appendix F.

ITI. RESULTS
A.__TASK I (Tuvestigation of Pibers, Resins, and Finishes)

In general, cospared to ambient temperature fiber propurties, values 7
riber tensile strength tended to decrease ‘hile tensile moduli tended to
increase when tested at cryogenic temperaturus.

Tensile strengths were measured using four different cpecimens, as follovs:
rcsin-impregoated strands, individual (dry) filaments, molded laminated bars,
and NOL rings. These specimens were made from as-received fiber, whiskered
fiber, and nitric acid treated fibar. Two different epoxy resins vere used, and
specimens vere tested at both room temperature and liquid nitrogen temperature.
Because of the large number of variables and specimens involved, this work
constituted a major rert of the vhole effort on Task I. The results are shown
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in Figures O - 16 and wvill be discussed in more detail in the followiug para-
#graphs. The determinations of tensile moduli, flexural strengths and moduli,
and interlaminar shear strengths consiituted the remainder of the work. These
results are shown in Pigures 16 to 23 and are discussed in the folloving
paragraphs:

1. Tensile Strengths of As-Received Pibers

Tests of six _resin- goated strands gave room tesperature strengths
renging from 13 x 108 a/mR (109,000 psi) to 21 x 108 n/mR (305,000 psi) vith
Morganite IX being highest. Pigure 9 ahows all values. Molded unidirectional
laminate bars gave somevhat lger values. Of the four fibers Qo.anm fidber
strengths ranged from 7.5 x 108 n/m2 (115,000 psi) to 15.2 x 10° n/mR (220,000
psij. Figure 10 shovs these values. Pilament vound NOL rings gavg fider
strengths about the seme ag the molded bars, ranging from 7.9 x 10° n/mR
(115,000 psi) to 16.8 x 10° n/w? (244,000 psi) for three fibers tested.

Figure 11 shovs these values.

At liquid nitrogen temperature, the three types of tests gave reasonadbly
consistont results. Jjorganite II showed an average 30% strength drop, vhile
all the other fibers gave much less chunge. Thornel 50 vas particularly immme
to temperaturs changes, varying in strength oo more than a fev per cent in any
of the three types of tests. The result vas that at liquid aitrogen tesmperature
Thornel 50 has about 90% of the atrength of )organite II. Pigures 9 - 11 show
the strengths of strands, bars, and rings at liquid nitrogen tesperature.

2.. Tensile of Whiskered [

Both resin impregnated strands and individual (dry) filaments (1440
filaments in Thornel 2-ply yarn; 10,000 filaments in Morganite tow) vere used
to measure tensile strengths of fibers whiskered by Thermokinetic Fibers, Inc.
Both methods of measurement showed vhiskering to lover the tensile strengths
by 5 to T0%, vith beaviest vhiskering giving greatest reductions. The rayon
precursor fibers shoved least reduction, vith Thornel 50 having 5% reduction
vith "medium-heavy” vhiskering. 'The rylooitrile (PAR) precursor fibers
(Mreganite and Courtaulds) showed 25 to redix.tion resulting from "light to
medium” tresatments and 70% reduction from vy" treatments. Whiskered
Morganite I vas testsd in liquid nitrogun as a strand, and again the strength
reduction due t0 tempersture vas encountered--in this case, 10%. Figure 12
gives complete data on these vhiskered strand temsile strengths, and Pigure 13
showvs individual vhiskered filamsut tensile strengths.

3. Tenslle Strengths of Ritric Acid Treated Pibers

Nitric acid treated fibers vere tested as strands, individual filaments,
and molded barg. Tests of twvo fibers in s gave rooa temperature strengths
from 10.2 x 10° n/m@ (148,000 pei) to 13.9 x 10° n/aR (202,000 psi). These
represent 2 to 13% strength decreases over tha corresponding untreated fiber.
Data arc shown in Pigure lh, Individual (dry) filament tests of Thornel 50
shoved a 19% drop in strength of treated fiber, shovm algo in Pigure 14, Tests
of four fibers in molded bars gave strengths of 7.5 x 10° n/mR (110,000 psi) to
14.9 x 109 n/m@ (206,000 psi). These are nearly identical to the values for
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as-received fiber, and are shown in Figure 15. A short-term investigaticn was
done on the effect of varyirg nitric acid treatment times on the tensile strength
of treated fiber. Some scrcter in the data was encountered, dbut the general
indication is an initinl tensile strength dxrop of 15 per cent from the first
four houre of treatment, with no additional drop up to 48 heurs of treatment.
These results are shown in Pigure 16.

At liquid nitrogen tetpereture, nitric acid treated fiber showed more
tensile strength drop than did as-received fiber. Morganite 1I was not among
the nitric acid treated fibers, but the others, which showed little change In
the as-received fiber tests, dropped 6 to 30% after nitric acid treated.

Both strand tcsts and bar tests gave essentially the same vesults. This
appreciable drop when cold, coupled with the drop resulting from the nitric

acid treatment, reduces these fidber strengths to rether low velues. The best
value in strands, when cold, was 12.2 x 10° n/m? (177,000 psi) for Thormel 50,
and the best value in molded bars was 13.0 x 103 n/m2 (188,000 psi) for Morganite
I Figures 14 and 15 give complete results.

L. Cycling FPatigue - Split D Tensile (Bending) Test

NOL rings were made using Thornel 50 and HMG 25 graphite fibers. These
were tested using the Split I test tixture at /5% ultimate stzzss (then tack to
no stress) for 1000 cycles. Cy.ling rate was ssven cycles/minute. When sub-
sequently stressed to fallure, a corparison of strength with the strength of
uncycled controls gave the extent of degrasdation due to cycling. T.ese tests
showed that rings made from Thoruel 50 were weakvned by roor temperature cyc.ing
by 10%, “ut celd cycling resulted in etronger rings which gave higher byeak
strengths than the cold controls. HMG &5 gave o wore expected result, witk
room temperature cyciing causing & 17% strength reduction and cold cycling
resulting in a 9% reduction. Figure 1l chos3 these rasults.

5. Tensile Moduli

Teusile moduli varues were determined from moldeu vars and from HOL
ring test specimens. The ring test is more of a bending woduius, and so ving
test resules will also be compured later with Zlexursl moduli results. Pirst,
the fiber moduli generally translated at 100% effectiveness into composite
moduli. When fiber moduli vere known, either by manufacturer's deta or by ROL
neasurements, the composite moduld eruld be predicted quite accurately by lmw-
ing the flber content and applylng the rule of nixtwres. This was expected, since
it Ls typical ot vnidirectional fiber reinforced composites.

Second, the fiber (and compisite) moduli nearly alvays increased when
measared at ccld temperature as compared to room tempevaturs. Of four fiders
tested us bars, three of them showed 5 to 20% modull Increases whea cold, and
one vas unchanged. Tests with ROL -ings gave the same absolute values aed the sane
percentage increases wuc. cold. Results of moduld tests of bars and ringe are
shcwn in Pigurew 17 and 18, Rirgs :inde from Thorumei 5C znd tested after fatiguing
for 1200 cycles at | % strvess shoved no change in xodali due to 2ycling. Ko other
fibers ware cycls testod. These results are shown cn Figure 8.
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Four nitric scid treated fibers vere mnlded into bars, and tests showed
the nitric acid treatmsnt to have no significant effect on moduls vhen the bars
vere tertyd at room temperature or vhen tested cold. These results are shown
in Figure 19. To summarize the results, moduli increases can be expected vhen
tested cold, aversging 10% and ranging from O to 20%.

0. Flexural Strengths

NOL rings msde from as-received fider vere cut into 3-inch lengih acg-
ments and tested in 3J-point bending at 16:1 span-to-depth ratio for flexural
strengtns (and moduli). Pive fibers were used. Tvo of them, Morganite II and
Morganite 1II S gave such 3@: fiber strengths as to de in a class by themselves.
These strengths, 20.6 x 100 n/wR (300,000 pei) and 2.7 x 108 n/mR (358,000 pei),
vere three times as high as the next closest, G 25, vhich gave 6.6 x 109 n/o?
(96,000 psi). All strengths vers relatively unaffected by cold. Results are
shown in Figure 20.

{. PMlexural Moduli

The same ring segments tested for strengths generally vere also tested
for moduli. Fider moduli at room temperature for four fibers tasted ave
reasonable agreemsnt vith moduli cbtained from the MOL ring bending test and
from the tensile dar test. Hovever, the moduli of Thornel 50 and MMD 25
flexural specimsns increased from 32 t0 624 wvhen tested cold, as compared to
an aversge 10§ increase for the ring and bar specinens vhen tested cold. Soms
of these flexural tests vere repeated, vith essentially the same results.
Pigure 21 gives these results.

8. Interlaminar Shear Strengths

A consideradle amownt of interlamisar shear strength data vere generated
both from NOL rings and molded bars. Of five as-received fibers tested in rings
at room t.em?tm Jorganite II 8 gave by fur the \ighest interlaxinar shear
ralue, 9 x o/nd (naoo.s.s). Valuss for other fiders in composites ranged
from 20 x 1 t.oskxl.oen/ (2900 to 7800 pei). Testing at liquid nitrogen °
te tures invariadly incressed the shear strengths, Jorganite II 8 increasing
by 4% and the others increasing by 2 to S4§. The values are shown in Pigure 22,

Four fidbers vere molded into bars. )jorganite II and te II 3 vere
not amoug them; the fiders used gave shear streugths of 16 x 100 to 35 x 106 n/m2
{2300 to 5100 psi) at room temperature. At liquid nitrogen tesperature, higher
shear strengths again vere obtained. m.mwmzooi,wsaxzoﬁ
n/me (9600 pai) for MO 25. Pigures 23 awd 23 shov the results.

Some of the fiders were nitric acid treated and then molded into bars.
When compared to as-received fiber, the treated fider gave significant inter-
laninar shear increases ot room temperature. DO 25 vas least affected, giving
124 increese for the treated fiber. )jorganite I had spectacular response to
the treatment; shear valuss going to 67 x 106 n/w? (9700 psi) or four times
higher than as-received fider. When tested cold, the nitric acid treated fiber
gAve the expected strength incresses, up to 25%. Treated Morganite I, whem cold,
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gave & value of A5 x 106 n/m? {12,300 psi). Values are shown is Flgures 232
und 23b.

3. Resins

For the twe resins used in this study, no aignificant diffsrence was
fownd In any composite mechanical property wiiich would indicate superfority of
one resir nver the other. Measurement of Jjust resin properties (not in com-
poostes) gave some diffsrences, as alown in the following table:

Resins - Tested at Room Temperature

Inditial M>dvlus Yield Ultimte
Elon- Elon-
gation Strength gation Strength
. Resin 1P o/ pet 4 I n??n “psi 4 1P n?ﬁ psi
1) 2256/0620  29.5 L1400 L7 55 8,000 5.0 99 1k,300
*2) 525/psa/
BIOLO/BDMA  20.5 297,000 1.5 3% 4,500 k.2 50 7,300

Althoush resin 1 is atrongev at yosa temperature, its use !n conmposites
did not resull in stronger cougposites, at least for those propertivs measwed in
this vork. Use of resin 2 was easier besause of its longer werking time, s
shown in Pigure 24. Also, resin 2 was lighter in weigh’, having a specific
gravaty of 1.09 compared ty 1.23 for resin 1. FPor these reasons, risin 2 was
chosen for Task XI work, us will be poted in a later paragraph.

10. Coeff!:ient of Thermal Contraction

Molded bar composites made from fowr Tibers, along with cie of the
resins and three other materials for calinration, were tested for coefficient
of therzel ~on%raction over the temperature range of +22°C to -195°C (295°K to
78°K). Contractiny for all of the graphite comgoaitc specimens vas extremely
low, being sbout 0.5 x )0~ cnfem, or 0.5 x 10-¢ 4, or 50 micro—cm/cm. The
following table gives more complate results:

| Thermel Coniraction Between 2°°C and -195°C

Reduction in Length Linesx Coeff. of
Do to Temperature Thermnl Expension Handbook
Mterial Microcentimeter/cm. 100 per °C Value
Morganite 1 Cowposite* 50 230 0.2 2 0.2 -
Tnornel 50 Composite® 50 %52 0.2 0.2 -
MG 25 Composite* 50 $50 0.7 0.2 -
SAMCO 320 Composite® 50 £5Q 0.2 0.2 -
(AL composites mrasured in the ¢iber direction)
Pused Quartz 75 125 0.3 ..0.1 0.256
Steel 2400 115 2.5 £0.5 9.0
xc
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Thermal Contraction Between 22°C and -195°C (continued)

Reduction in Length [inear Coeff. of
Due to Temperature Thermal Expansionn Handbook

Material Microcentimeter/cx. 100 per “C Value
Aluminum 4200 1125 16.3 10.5 17.0
Resin 1 in this study 11,100 £125 L.k 20.5
Resin 2 in this study 14,500 54 Aerojet

Yalue

* All vith Resin 1

Calculations of the thermal contraction coefficient of the bare graphite
fibers raov l.om to be slightly negative. That is, as the temperature gets
colder, the graphite fibers get slightly loager. Combinirg the fiders with -
resin gives composites viich get slightly shorter vhen colder, as shown in the
tadle. This is presented moce fully in section IV, "Discuseion.”

Other composites made vith resin 2 (826/DSA/ELONO/BDMA) and also com-
posites made vith nitric acid trsated fider were tested. No differences from
the value shown in the table vere found. JYote that values in the table have
apparently vide toleraaces. This is because thr accurecy of the msasurements
wvas limited by the standavd ASTM apparetus used. Total linenr comtrection for
*he four-inch loog graphite composite specimens was only tvo ten-thousandths of
un inch. The quartz tubes and rods of which the apparetus iteslf is made have
& greater contrection. Nowever, the apparstus end results vere completely
adequate to show that the graphite couposites Mave little thermal contraction,
vhile the epoxy resin used vith them has over 200 times as much contraction.
Thermal stresses are indicated, as vill be pointed out in the Dfscussion.

11, Testing st Liguid Rerogen Tesperature

The scope o' this work in Task I inecluded tesating at 1liquid hydrogen
texperature. This testing vas done by NASA, lavie on samples fabricated and
supplied by NOL. Scheduling problems at NASA end certain incomsistencies in
the results prevented these data from deing as useful and consistent as
originally anticipated. The results gwerally vere as follows:

a. Thornel 50 rings increased in tensile stremgth by 10% over results
obtained at -195°C (-320°F). Tbis result also vas confirmed by vessel tests
in Task II, noted elsevhere in this report.

b. Morganite II rings incressed in tensiley strength compared to room
temperatures strength. This result is interpreted as being unexpected and
unlikely and may be the result of a fadrication or testing error. It is
inconsistent with the Task I test results at -195°C (-320°F) and also incon-
sistent vith the Taak II vessel results.

c¢. Plexursl strengths of both Thornel and Morganite composites vere
30 to 70% higher than previocusly obtained st either room temperature or liquid
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nitrogen temperature. These results vere unexpected, and ve have no confirmation
through other experiments.

d. Interlaminar shear results vere varied, with Morganite II giving a
much higher valus than its room tempsrature control and Thornmel 50 giving a ruch
lower value than its roon temperature control. We bave no explanation for *+
results,

e. Tensile aoduli geoerally were vithin 10% of the values obtained by
NOL in -195°C (-320°?) tests.

In all, these resulic of tests in liquid hydrogen gave come useful data,
but additional tests would be required to confirm or disprove certain results
wvhich now appear ancxalous.

12. Choice of Mterials for Task IX

Tae final responsidility in Task I work was choosing two fiters and one
resin for the Task II work. The following were chosen:

Material Remarks
Morganite I1 S Fiber fdighest room tempersture and liquid

nitrogen strength. Highest interlaminar
shear strength. Available in long (one-

pound) lengths.
Thornel 50 Piber Second highest strength at liquid nicro-
gen temperature. Lovest fiber densily.
Resin 2 (828/psA/ Longer working iife than resin 1.
EL0LC/50MA ) Lower resin density than resin 1.

Additional ressans for choosing the above two fibers ware to evaluate
the difference betveen & PAX precursor and rayon precursor fiber and the handling
difrfarencer betveen u tow and A yarn.

B._TASK II (Burst Testing of Closed-Bnd Gruphite Pilament-Wound Pressure Veseols)

Tusk II tensile streagth test data frox closed-end pressure vessels, in
genceral, confirmed ROL ring tensile strength test ata from Task I. That is,
Thornel SO tenuile strength was not reduced (even ii:reased in Task II) at cryo-
genic terperatuxres, but Morgarite Ii twasile streagth vas reduced cousiderably at
cryogenic Camperatures. Therefore, in bota Tasks I and IX, at cryogenic tempera-
tures, there vas alight difference in the tensile strengths of the two fibers.

All vemsels shattered in a brittle fracture mode vhen they failed. FPhoto-
grazha of typical tusted vessels are shown in Figwes 26 ~ 20,

1. Vescel Fiber Tepsile Strengths

The compariscn ¢of fiber tensile streugths of Morganite II and Thornel 50
graphite fibers obtained by burst testing closed-end filament-wound veasels ie
shown below:

/ ? mmlgsnm
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torganite II was 469 stronger than Thornel 50 st azbient temperature,
taving an average filament tensile strength value of 12.3 x 108 n/m@ (178,000 psi)
vs. 8.3 x 10° n/m@ (121,000 pai).

At 1liquid pitrogen temperature, -195°C (-320°F), excluding vessel M-2
data, Thoxnel 50 vas 6% stronger than Morganite II, having an average value of
10.2'x 10° n/o? (148,000 pe1) vs. 9.65 x 105 n/aR (140,000 psi).

At 1iquid hydrogen temperature, -253°C (-423°F), 'mor(r;gl 50 was 14%
stronger than Morganite II, having an everage vilue of 1l x 109 n/=f (159,000 psi)
vs. 9.65 x 108 a/m2 (140,000 psi). .

Thornel 50 gained 21% in strength at liquid nitrogen temperature and
31% in strength at liguid hydrogen temperature over its strength at acbient
texperature.

Morganite II showed reductions of 17% in stre: gth at liquid nitroges
and 22% at liquid hydrogen temperatures compared to arbdient tensile strength.
The Morganite II vesscls were wound with two different wall thicknesses. Failure
stress was found to be intluenced by wall thickness. The stress at burst in the
thicker wall wvas 20% less than in the thinner wall. fThic compares to a 3% lover
stress in fiberglass vessels with a similar change in wall thickness.

Aversge hoop strengths and average longitudinal strengths for the three
configurations of vessels at the three temperatures are plotted for comparism
in Pigure 25.

2. TFilament and Composite Thiclkmesses

The fileeat thicknesses in the longitudinal and hoop wraps vere cal-
culated as shown in Appenlix G, and, using the fiber content (vol. %) determined
by burnout, the composite thickneases were calculated. They coopare with design
requirements as follows:

FPilament Thickness* Composite Thickness*

Longt - Longi-~

Veasel Type tudinal Hoop Total tudinal Hoop Total
Thornel 50 0.092  0.157 0.249 0.178 0.300 0.477
Morganite II 0.124  0.178 0.292 0.302 0.k72 0.TIH
("hree-Thirds™ wall)
Morganite I 0.076 0.119 0.196 0,203 0.315 0.518
("vo-Thirds" wall)
Design Requirement 0.097 0.165 0.262 0.147 0.254 0.k0L

#* All data in centimeters.
The filament thicknesses shown for the first two configurations differ
from the design requirement as a result of varistion of the yarn weight from
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that enticipated ducing the desigu pbase. The varietion of the ratlo of longi-
tudinal-to-hoop filament thickueases ror the Morganite II was caused by the
decisicn to delete the sst hoop layer in onder to develop morc hoop faiiures
anj, consequently, higher lhoop strecses. A review of the failure modes shown

in Table 3 indicates that the attenpt was successfui. The high composite
tuicimesses shown are s resylt of higher than anticipated resin cooten in

the composite. The fiter comuen:, for the Thornel SO vessels vas 52 vol. %, and
for lorgaaite II veese)s the Iiner cantent was 37.5 vol. % as crmpared with

65 vol. % anticipated during the design phase. The Suildup of composite thick-
pess in the Morganite IY vessels was po doubt responsible for the 20% strength
difrerence between the thia and tae thick wall vessels. All vessels were wound
by using in-procesy resin Lupregnsted fiders. It is very probable that filament
vinvifng vith & loves resin content preiupregrated yarn would allow sttainment of
higher fiiament strengths as well as composite strengths.

3. VYessel Fiber Content

The graphite fiber content (wt. %) for the Thornel 50 and Morganite IX
vessela is shown in Table 2, together with the standard deviation for the six
1ndividual determinations for each vessel. Also shown in Teble 2 are the
determined vs. lknown grephite fiber contents of the control specimens of Mor-
ganite IL fiber furniched by NOL.

a. ‘fhornel 50 Veosels. The graphite fiber content oi the 36 Thornel SO
fiher strand specimens varied from 58.9 to 67.3 wt. %. The average graphite
fiver content for each of the six Thormel 50 vessels ranged from 59.7 to 66.0
vt. %. The standerd dsviation between the six specirmens from a given vessel
ranged frem 0.6 to 3.0 wt. %.

Vessel No. T-1 (Thorne) SO fiber) had the resin applied with a brush
and was cured with vacuun bag comraction. If the high value for the specimen
taken from the knuckle area is di carded, an average graphite content of 59.4
vt. % is obtained, the lowes® for the six vessels. With the discard, the
standard deviation of the reanining five specimens also becomes the least of
that shown for the six vessels, rather than the highest, indicating a more con-
sistent resin content.

Vessel Ko. T-2 vas algo compacted with vacuum bag pressure during
cure. The resin was applied, hovever, by pulling the fiber through a resin
bath and betwesn "squeegee” Jollers. This vessel had the highest graphite
content of the six Thornel 50 vessels. The balance of the vessel, received no
compaction during cure, since it was observed that vacuum bagging vas seriously
degrading the composite structure (as explained in Appendix E). The remaining
four vessels showed fairly consistent graphite contents. The lack of vacuunm-
bagging accounts for the higher resin content.. Vessel No. T-5 had the least
and most consistent graphite content and the highest perTormance factor, based
on actual composite welght (Table 3). But this is probably the result of the
increased utrength at cryogenic temperatures previously discussed rather than
the lower graphite content.

The avernge qraphite content for the six Thornel 50 vessels was
€2.1 vt. $. Using Jeasities of 1.63 gn/cem3 (0.0588 1b/in.3) for the graphite
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and’1.08 gm/cm3 (0.039 1b/in.3) for resin 2, the average graphite content by -
volume for the Thornel 50 vessels vas 52 vol. %.

b. Mor te IX Vessels. The values of fiber content for the vessels
ranged from &4). . . The standard deviation of specimens from &
given vessel ranged from 0.39 to 2.18 wt. $. As & check of the procedure,
Morganite I 8 ridber composites vith knovn amounts of fiber and resin vere
fabricated by NOL and sent to the contractor for fidber content teste. The
velues obtained by the contractor for the specimens agreed closely vith the
known values. The inaccurecies ranged from 0.02 to 2.9%% vwith an aversge
inaccuracy over the eight lots of 0.784.

All Yorganite II vessels were cured vithout vecuum dag cospaction,
snd al) but vessel ¥-6 had the resin applied by pulling the riber through a
resin bath. Oun vessel N-6, the resin ves applied by drush in an attespt to
reduce damage observed in Dassing the tow through the resin bdath and squeegee
roller. This vessel shoved the lowest graphite content bdut also the most
consistent content of the three vessels of this thickness. (Vessel Tel, vhich
als0 had the resin drush-applied, had the most consistent grephite content of
its group.) The average graphite fiber content for the three thicker vessels
vas 51.1 wvt. § as compared vith 9.3 wvt. § for the thinner vessels. This is
probably dus to & greater squsese-out of resin caused dy the additiomal layers
of vindings.

Vessel N-5 showed adout 8F less graphito fider contant than the
other tvo vessels of the thick-wall tion. The ressca for this is not
knowvn. If its burst pressure of 19.2 x 100 n/m? (2769 pei) is compared with
the 12.6 n/m? (1820 psi) dDurst pressure of vessal M-3 (tested at the same tem-
perature, ~253°C, but of & thinmer wall), vessel M-5 had better performance.
This vas unxxpected, since in the discussion of filament stresses, & reduction
of ultimmte stress of adout 205 was observed in the thicker valled vesssls &3
compared vith the thioner wvalls.

The average filament content for the six Morganite II vessels vas
50.17 wt. % mzﬁn-um of 133 on/ca3 (0.063 1b/in.3) for the grephite
fiber wod 1.08 ga/end (0.039 1b/in.3) for the resin systes (resin 2), the

8 graphite riber coutent by volums for the Morganite II vessels vas 37.5
vol. This very lov graphite content must de improved in order to achieve
any significant veight saving wvith vesesls fudbricated of this mterial.

4. Pressure Vessel Strain

All of “he vessels tested struined 0.17 to 0.5%, suitably lov to funection
properly vith a thin metal liner. The streins compared as follows:

Thornel 50 vessels vere strained at burst (vith one exception) from
0.20 to 0.304. The hoop and longitudinal strains were sprroximstely /qual dut
increased vith increasing strength as a result of eryogenic testing. The
£ilament modulus beld between 35 and 38 x 1030 n/a? (51 and 55 milliom psi)
through the thres temperatures.® The aversge strain vas 0.26%.

* Based on calculated vessel stress and msasured strains.
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The Korganite II vessels failed st strains renging fiom 0.17 to 0.5%.
The average strain for all six vessels was 0.33%. If vessel N-2 is ex:luded ag
being non-representative, the strains range from 0.29 to 0.50% with ac average
of 0.39%. Ths filamenc modulue for these five vessels ranged from 23 to
29 x 1020 n/m@ (33 %o 42 million psi), & rather high scatter of values, with an
aversge modulus of 27 x 1010 n/m2 (39 million psi)*. The ctrain and modulus
differences betveen Thurmel 50 and Morganite II stenm froz the diffarsnces in
filament modulus as advertised by the supplier, namely, 3% x 1010 n/m@ (50 militon
psi) for Thormel 50 vs. 2L to 28 x 1010 n/wf? (30 to 4O million psi) for Xorganite
II.

Vessel N-2 had some defective boap windings, and more windisgs vere
added to bring the defective area to proper strength. The repair via only
partially successful, the vessel failing at about 86% of the interp.inted value
for its teuperature. The low hoop straln of 0.17% was attributed to the extre
hoop reinforcement.

Graphs of strains for all X2 wvessels are shown in Figures 29 - 40.

5. Pressure Vessel Performance )actor

The pressure vessel perforreace factors (pv/W) shown in Table 3 vere com-
Puted fron burst pressurs, volume, tod composite weight actually asagured for the
cured vessels und range from 0.81 t¢ 1.2 x 100 cm (0.32 to 0.46 x 106 incaes).
They reflect the weight of the resin-vich structure.and additional windings
added, as vell as lowered strengths i"esulting from other matarial and processing
difficulties encountered during wind’ 3g. In addition to the actual performance
factors noted in Table 3, performan.¢ factors for hypothetical vessels were
calculated.

Using the filament veights ustd in calculating filament streases (based
on a uniform minimum wall thickness), together with a reduction in resin conteant
to obtain a 65 vcl. % fiber content, &, Merformance factor for a hypothetical
vesael was calculated using the actusl burst pressures achieved on the test
progran. This performance factor i~ balisved to bz achievable for the three
vessel configuratione on future prugre.v. and is probably conservativs, since it
includes only & reduction ir weiaght whi:h appears feasible and does no:. take into
account the increased burst press ves wiich may result from such improvements.

The performance frctors for the 'frgroved” or hypothetical vessels and
also for S glass and beron filament vaistels are shown in the following table:

Performauce Vectc: x 106

22°C __Ag5%C -253°C
Vemagl Tope & in, e in.  e®  in.
Thorne). 50 .22 0.W ) 50 0.59 1.6 0.63

Morganite I 1.6 0.64 - L2 0.5
(Thick Wall)

* Based on calculated veasel stress and musswrve »° us.
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Performance Factor x 106 (continued)

22°C -195°C -273°°
VessrlType ca . ‘ea In. ‘ea I
Morganite II 1.98 0.78 1.5 0.57 L1b0 0.55
(Thir Wall)
S Glass 2.3 0.9

Boron Filament 1.3 -« 0.50 «
1. ¢c.70

Iv. DISCUSSION
A. DISCUBSION OF THE PROCEDURE

The dividing of the vork into a preliminary investigation of materials (Tesk
1) and the vinding of vessels using the best materials (Tusk II) vas devised by
Perscussl of HASA and ¥OL. Thie procedure proved entirely suitabls and shoved
the best materials, as well as giving an indicetion of problems. Some changes
night be recommmnded for similar future programs. Theee are Iresented in Section
VI. Recommendatioms.

B, FIDER TENSIIE STRENGIRS
1. Roum Tesparature
Fiver tensile at room ture renged from 13.8 x 108 n/a?
(189,000 pei) to 21 x 1 #(m,mpagmmby.mmmmx.

Values “rere consistently below the mnufucturer’s specification valuss. JMolded
bars or filsment vound rings gave 6L to 80 £idar

This is typicel; wore massive specimens give lover valuss. Also, the Zplit-D
test for rings imposes & Lemding 1o0ed which is DOt corrected in the stress
calculations.

R
4

Task II strand tests of Thornel 50 at room temperaturs gave k.9 x 168
n/m? (216,000 pei) or 83% of the manufuet

gave 20.2 x 10° n/mR (293,000 pei), or 79% of the maoufacturer's valus. Again,
8 desparity is shown detwveen manufacturer's values and test values. In filament
vound vessels, fiber hoop stremgths of 59% aud 67% of the respective strand

i
:
;
;
E

cussed more fully in section O vhich follows.
2. Cryogenic Temperatures

Fiber tensils strengths of )organite II composites decressed signifi-
cantly at cryogenic temperatures as compared to room tempersture. Task I vork
using strends, dart, and rings gave 30% strength drops. Tesk II work using
vessels gave 17% strength drop at -195°C and 22% drop st -253°C. This is
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undesirable for purposes of this study. No single .filament testa vere run at
cryogenic temperature to see if the strength drop is an intrinsic feature of
the fiber.

Tensile strengths of Thornel 50 compwsites remcined essentially constant
vith temperature in the Task I vork and increaged with lower temperatures in the
Task II work by 16 to 30%. Fart of the in-reate is attributed by Acrojet to
their learning curve, the later vessels rade being tested at lover temperatures.
This constart or increasing strength at lower temperatures results in the Thornel
50 being at least as strong as the Mos winive II at cryogenic temperatures, while
at room temperature the Thornel 50 her only two-thirds the strength of Morganite
II1.

3. Ject of Whiskering ap Nitric Acid Piber Surface Treatments

Both the whiskering wad the nitric acid fiber surface treatments reduced
the fibexr tensile strengths. From a strength standpoint, therefore, these treate-
ments were not in accord vith the osbjectives of this progrem. Strength reduc-
tions from 5 to 50% vere ~bserved with Thornel 50; Morganites I and II gave 25
to 75% revuccions. Bitric acid treatment gave 2 to 13% strength reductions in
strands but also madc the strands more vulpersble to larger-then-usual values of
teneile strength rzdustion at cryogenic temperatures. Both swiace treatwents
vere for the pw-ouv of improving the resin to fiber bond, but in the case of
predeainately t~zaile stresses (8s encountercd in an internal pressure vessel),
stronger resir “;onds bave not been shown to necessarily improve the composite
tensile strenizlh in thr, fiber direction. Becauee the treatments reduced the
composite 3::engths, ths vere eliminated from use in the Task IX vessel vinding
vork.

k. erfects of Cycling Fatigue

Cycling & avigue of rings in the Split-D fixture to 1000 cycles gave
relutively goed ypesults. Room temperature cycling reduced strengths by 10 to
174, bun eyclipg while cold gave from 9% reduction to an actual slight increase
ir, sirergtnz  The test imposes a bending load on the ring, and the higher inter-
Jywiner encey it vength a4 cold tenperature is theorized to help the ring with-
stand this typr of load. It secms that cryogenic temperatures pose no extra
problen in the fatigue cycling of unidirectional laminates, at least for the
4ers »nd rusins tested. The excellence of graphite fiber composites in tensile
“atisis has Lcen soported, references (J) anmd (1).

C. MODUIT AND EFFECT (F TEMPERATURE

Composite tensile moduli incireased for all composites at cold teumperatures
v O to 20% compared to room temperature values. This is both an expected ard
a desirable condition. The moduli values at room temperature for Thornel 50
and Morganite II fibers averaged 10 to 20% lover than the manufacturers' values.
Thesge valuer are sensitive to the sampling procedure used, since there is con-
siderable variation in properties along the fiber within a single roll. Thornel
50 riber, for instance, consists ¢f 5 to 15 lengths of yam adhesively bonded
together to make a one-pound roll. Manufacturers' gampling procedures are not
known, and they do not list a range of values on each roll nor do they sasign a
coefficient of variation to the mean valus for each roll.
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The ultimate strain values of 0.2% to 0.5% found for the graphite fiber com-
positesd in this vork vere consistent with the objective of the overall NASA
prograz--that is, the development of a filament wvound structure vhich 1s ctrain
compatible with thin metallic liner materials at crvogenic tesperatures. Thcse
strain values for grephite filament are one-fifth the strein values obtali.ed
for glass filament yound structures.

D. FLEXUPAL MODULI AND STRENQGTHS

Although Jlexural testing is not directly applicable to the problem of
designing internal Ixressure vessels, it vas decided that some flexural data
vould help to give a broader basic kucwledge of these materials. The tests
showed trat the h@%te II vas in a class by itself for high flexwral strength,
giving up to 24.7 x 10° n/w2 (358,000 psi) riber strength. High flexural
strengths require both a strong fider and a good interlaminar dbond of resin to
the fiber, and tb» Aorganite II wvas unexcelled in these two features. Strengths
vere almcst unaffected by cold temperature, vhich for Morganite II may reflect
the inte.action of daecreasing fider strength and increasing shear strength vhen
~old. Flexural moduli at room temperature vere about the same as the tensile
modull, but vhen cold the flexural moduli increased from 32 to 62%, as compared
to 2TL for the other modulus tests. The large incresse in flexursl modulus
probably is dus to errors introduced dy the assumptions commonly wale in thesa
modulus calculations. One of thess assumptions--that the effect of resin shear
modulus is negligidle--prodadly is the main culprit in this case. One could
expect the shear modulus to incresss severalfold vhem going from vars to cold
and, therefore, make the composite somevhat stiffer due to less resin deflection.
Resin shear modulul at cryogenic temperatures vere not determined.

E. INTERIAMINAR SHEAR STRENOTES

The significance of the composite interlaminar shear strumgth of the composite
in the vali of sn internsl pressure vessel has r~ny remifications., Righer shear
strengths are desired as the fiber strengths art ‘uigher, as the fiber dlameter
is larger, or as the lengths of fibers are decroased. Also, &s transverse loads
are introduced (as in "in-plane” winding in vhich the strand does not take the
shortest path), higher shear strengths are desired. Lower shsar strengths are
batter as the fider strengths are lover and generally in the reverae of the
above condlitions. * objective is to get the strongest composite dut to avoid
a brittle, glassy cosmusite vhich shatters on impact loading or becomes very
fulneratle to scratches or winding flaws, But it 1s difficult to calculate the
optimum shoar strvngth nesessary for a given set of conditions. Shear lgg‘ngﬁu
for aa-gecelved fiber in composites at room temperature vere from 20 x 10° to
91 x 10° n/mR (2900 to 13,200 psi), vith Morganite II S giving highest values.
These values are typical of values obtained vith these fibers since the inception
of compercial ite fibers in 1965 and, compared t» glass or boron fiber com-
posites (ref. ﬁ‘) » Are generally quite lov. Hence, the fiber surface treataents
of vhiskering and nitric acid Loil vere developed to increase this shear sirength.
Whiskering has been Aggvn in other vork (ref. (e)) ¢o increase shear strergths
to as high as 138 x 10° n/mR (20,000 psi). Fitric acid boil 1s less effe::iive
and gave strengths in this study to 67 x 105 n/m@ (9700 pei). But the drawbacks
to both treatments include their veskening effect on the fibers, as note in
section B of this discussion. Yor these reasons, they vere dropped iroa the
Task II vessel nrogram.
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The effect of cryvgenic temperatures on shear strengths was to increase the
strengths by 2% to over 1L00%. This increase is an expected result, as indicsoted
by past studics with glass fiber composites (ref. (b)), and comes provebly from
the increagsed strength of the resin at cold temperatures.

P. COEFFICIENTS OF EXPANSION

There is a considerable mismatch in the coefficients of expansion (or con-
traction) of the materials used in this program. The composite contruction was
very low, 0.2 x 1070 cao/m/*C. The resin wvas 200 to 300 times higher, ik to
58 x 1070 cmfem/°C. Calculating from the strengths and moduli of fibers and
resins, the coefficient of the bare fiber is negative, -0.2 x 10-6 en/em/*C.

The coefficient of the stainless steel liner is intsrmediste, 9.5 x 10-6 cm/em/*C.
The resin has & heat cwe and msy be at 100°C when it gels. Cooling to room
temperature after the cure introduces an 80°C thermsl differential to cause
stresses. Further cooling to -195 or ~253°C results in up to 1.5% tensile strain
in the resin, sufficient to cause microcracking and 0.3% teasile strain in the
stainless steel liner. When the vessel is pressurized, an additional tensile
strain aversging 0.3% is imposed. Total strains are the sum of the thermal and
mechanical strains and can be 1.8;& for the resin and 0.G% for the liner. These
are ratner high strains for both mmterials at cold te: =mntures and could
indicate possibla vessel problems it both mechanical pressure cycling and tem-
perature cycling tests are imposed.

G. GRAPHITE FIBER QUALITY

Graphite fiber, as received from the manufacturers, was not of good quality.
It vas often inadequately pocked ana dammged by shipping. Socme contained many
splices and some snarls or tangles. Changes in weight and cross-sectional area
along the length was evident. In use, sowe of it had veak spots and broke during
tilament winding to the detriment of the pert being fabricated. The measured
tensile strength and modulus valaes grnerally were uppreciably below the velues
claimed by the manufecturers. " Tue rather lww £iber quality caused particular
problexs during tb2 pressure vessel fabrication phuse when using in-process
resin impregnation. The necessary lov vwinding tension to avoid an excessive
nwber of breaks left t00 much resin in the composite, vhich in twn caused
fiber buckling and fiber wash wheu the resin vas squeezed out on vacuum bagging.
The bagging thereby had to be diecontinued, leaving a compusite both resin rich
and with excessive voids. Heat wus pot used during winding to reduce resin
viscosity, because in-plane winding places the strand in an unstable path, and
problems of strard slippage vordd be iuncrsased by lower resin viscosivy. Some
of the problems could have beer avolded by the use of p:e-impregnated Iiber,
which is recommended for any fitwre winding of vessels. In all, the mterial
was time consuming to use, and pert quality in some cases was lower than it
should have been. Ve look forvard to an ixprovement in the quality of future
fidbers.

H. LTI FRACTURE OF VESSELS

ALl of the tested vessels exhibited a brittle fracture mode ¢f faillure, with
the vessel shattering intv several large pieces. Tu!s is an undesirable failure
mode, since the vessel is vulnerable to catastropic failurg from scr&tches or
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impacts (micromsteroids). This fallure sode is nct the result of improper fabri-
cation but rather is inherent to stiff, non-ductile fiber materials vhich are
vell bonded. Soms possidble vays of reducing this brittleness and increasing

the impact strength include vwinding in « small amount of & ductile fider and
optimizing the resin-fider bond at a valwe neither too high wuor t00 lov.

V. COoNCLUSIONS

1. The cbjective of cdtaining mechanical property data on graphite filamsnt
epoxy resin composites at room and cryogenic temperatures vas accomplished.

2. Cold temperatures generally decreased the fiber temsile strengthe.
Morganite II vas most seriously affected, with 18 to 30% streagth loes vhen
cold. Thornel 50 in pressure vessels vas an exception and imcreased up to 30%
in strength wvhen cold. This difference in response to ¢cold temperatures
resulted in Thornel vessels having & slightly higher performance factor (WA )
than Morganite at cold tempsratures. This performance factor, estimated at
1.5 x 10° cm for te vessels vith optimm fidber content, is competitive
vith borgn fidar (1.3 to 1.8 x 105 cm) and two-thirds that of glass fiber
{23 x 10° cm). This {s promising for the future of grephite fiver in this
application.

Fatigue cycling of WOL rings to 1000 cycles at 75% ultimate stress
gave 10 to 1T% strength decreases at room temperature and lees at cryogenic
temperaturss. Therefore, low tespereatures favor an increase in fatigue life
of these composites.

The fiber surface treatments of vhiskering and nitric acid boil reduced
the fiber snd composite tensile strengthe (in the fider direction) by 5 to T0%
and are concluded to de undesiredle for the objectives of this program. Trens-
verse composite properties vers not msasured.

3. Composites modull incressed by O to 20% wben cold cospared to room
temperature. This is desiradle for this program. Ultimate strain values of
0.2 to 0.5% in pressure vessels, resulting from the internal pressure applied,
are generally cospati®le with thin mstallic liner materials, i.e., stainless
steel type 30b. The concept of constructing lightweight filament-vound vessels
by vinding graphits fibers over a mestallie liner appears promising. :

L, PFlexursl \od interlasiuar shear properties vere measured to give a
droader basic kacwladge of the materials. Flexursl strengths were umaffectoed
by cold, but flexurel moduli increased up to 6% vhen cold. Interlamimar
shear strengths increased by 2% to over 100% vhen cold.

S. The thermal contraction of the fiber over the temperature range +22 to
-195°C was calculated to be slightly negative; that is, the fiber increased in
length in going down through this 217°C range. The riéisin and the stainless
steel liner material, on the other hend, shrink comsiderably. These materials
combined into a vessel, cooled to liquid nitrogen temperature, and pressurized
vould give approximately O.3% tensile strain for the fiber, but the liner strain
vould be 0.6% and the resin strain 1.8%. These are rather high strains for the
liner and resin materials.
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6. Grarhite fibers as received from the manufacturers verc not alvaye of
good quality. Strength and modulus measurement results were nearly alvwuys
below the manufacturers stated values, and yaras end tows Jere sometimes fuzzy
and oroken. As a result, the fivers ware often difficult to use &nd composite
quelity somotimes suffered.

7. All of the teated vessels exhibited a brittle fracture mde of ruilure
at both room and cryogenic temperaturos. This is wndesirable but >z inherent
to these stiff, brittle fibers and composites thersof. Drittle structures ara
particularly vulnerable to fabrication nnd handling damage and require carexut
procedures end good inspectioa.

VI. RZCOMMENDATIONS

From the results obtained as reported herein, certsin problems were unccvered
and certain quastions left unanswered. Any further work coud in:lude the
following:

1. Run oingle filament tes%s at cryogenic temperature to see I modulus
and stvength thanges arc intrinsic to the fiber.

2. Use prepreg in the vesecl vinding to aliow closer cunirol of the fiber-
resin content.

3. Use learning, or proof, vessels and qualify these before the main test
vessels are constructed.

4. Consider helical winling instead of in-plaue winding for cylindrical
shaped vessels. Helical winding places the strand in a stable peth and should
eliminate strand slippage on tae maodred. A O03scussion of the relucive merits
of in-plane vs. helical wirding +ould b2 extensive, but at least strand slippage
is casier to control with helical winding.

VII. YOLLO4 Gi WORK

This cryogenic work 1s continuing a3 Tasks JII - VI. The objectives of thie
enntinued vork include tests of additions) reeins, particaiarly rubbexr-epoxy
polyblends, crack propegation end fracture studies, and testing of bidirestional
filament-wourd plates. Reports vill be issued.




T b T e AGE -
SRt

UNCIASSIPIXD -7
NOLTR 69-183

REFERENCES
(s) nson, M. P., Richards, H. T. aad Rickel, R. O., MASA TN D-27h1, "Prelimi-

oury Investigation of Filament Wound Glass Reinforced Flastics and Liners
for Cryogenic Pressure Vessels,” Marck 1965.

(v) Iavu, A. apd Bush, G. ., od ¢ Resin/Glass-Filasent -Wound
sites, NASA cn-‘;l& ( under Contrect
70

(c) Banson. M. P., NASA TW D-4412, "Glase-Barwa-, and Grephite-Pilament-Wound
Nesin Compositas and Liners for Cryogesnic Presaure Vessels,” Feb. 1968.

(d) Molhc, Ralph, Aerojet W.0. 8712-21-30cx, "Boron, Oraphite, and Glass Pila-
ment, Uggnd Press\nn: Vessels vith [osd-Bearing, Won-Buckling Metal Liners,”
Nov. 1967.

(e) Simon, R. A. and Prosen, 8. P., NOLTR €8-132, "Carbon Piber Cosgosites,”
25 Oct. 1968.

() Berrick, V. ¥., Grabur, P. E., Jr.‘ and Mansur, F. T., "Surface Treatmnts
for Fidbrous Curbon Reinforcemsnts,” APML-TR-66-1T8, Part 1, July 1966.

(g) Soffer, L. N. and Molho, R., ¢ Resins for Glase-Pilamsnt-Wound
%unus FASA CR-T2114 (Amsa-ﬁ_m—m Report 3302 under Coatresct

Jan. 1567.

(h) ASTM D-20, Subcomsittes XVIII, Sect. X and D-30, Bubocommittees IV and V,
Wmm«nnmmm Properties of Strands, Yarns ant
Rovings," 24 Jwa. 1969.

(1) Xinna, M. A., WOLIR 64156, "NOL Ring Test Methods,” S5ép. 196k,

()) Bansom, M. P., NABA TH X-52539, “Tensile and Cyclic Fatigue roperties of
onpu.tc Tilament-Wound Pressure Vessels at Azbient and Cryogenic Texpern-
tures,” presentad at 15th SAMPE Matl. Sympouium and Ixhidit, Los Awlal,
Calif., Arril 29 - Wy 1, 1965.

(k) Cuifreund, K. and wat-n‘ L. J., "Ioterfacial Investigations of Borou ,

Piber Reinforced Plastics,” presented at 10th Natl. SANFE Meeting,
San Diego, Calif., Wov. 9-1l1, 1966.

30

2
UNCTASSTIPIRD

TP

et B bt ML 4 St ) B o 0 & W s e S 4

el e IR N SRR e

i A Y Rl i AT i S i, B« 5 Do e e B e ot 5D e Col L T il e e b

R



oo
oo ooy ey Lroiet 0 St <

URCIASSIFIXD
NOUR 69-183
TABIR 1
A, MECHANICAL PROPERTIES OF THORNEL 50 YARN
Manufacturer's Data (Total 12 Rolls):

n/we pesi
min, avg. Dax. min. Vg,  uax,

Tensile Modulus  31.0 x 1020  33.2 35.2 L45.0x 106 4.2  51.0

Tensile Strength 15.9 2 108  17.9 19.8 230 x 103 259 267

Strand Test Data (Total 12 Rolls and 43 Individual Tests):
Tensiie Mxwlus 26,1 x 1000 304 33.5 37.9x 106 M1 18.6
Tensile Strength .65 x 103 149 19.7 W0x 103 26 285

B. MECHANICAL PROPERTIES OF MORGANITE TOW

o/ prsi
min. ave. pln.  avg. DAX.

g

Manufacturer's Data (Total 16 Rolis):
Tensile Molulus  22.8 x 1080 26,6 29.7 33.3 x 105 38.6 43.1
Zensile Strength 23,6 x 108 25.4 28.8 333x 203 369 MB

Strand Tost Dota (Total 4 Roils and 42 InA.vidual Tests):
Tensile Modulus 20,2 x 1040 21,0 21.9 29.3x 106 30.5 31.8
Tupcile Strength 18.2 x 108 zo2 221 264 x 103 293 320
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GRAPHITE ROVING AND YAIN ON SPOOLS
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AFPENDIX A
RESIN CONTENT DETERMINATION

The conposite resin contents for both Tasks I and II vere determioed dy
burroff in air or by thermal degradation of the resins in vecwum. Burnoff in
air vas done at 370°C for 16 hours but was not suitadle for use vith Morganite
II fivers, cince the fiders oxidized readily under these conditiocos. When
Morganite II fibers were present, the analysis procedurs vas typically as
described by Asrojnt for their vessels in Tusk II.

Test Procedure

The resin and graphite content of the composite of each vessel vas deter-
mined by a thermal degradation process using six specimens from sech vessel.
The specimens vere placed in tared containers, then dried and weighed at h9°C
(120°F) for 2 hours or 80, or watil & repetition of the drying end weighing
shoved no further weight loss. The Thornel 50 specimens were then placed in a
vacuum chasber and heated at M7°C (800°F) for €0 hours. The Morgaaite LI
-poc:.-uvmh-mmn:,:-sts *C (1000°F) for 16 hours. The pressure
during bumoff vas 2.7 n/w* (0.02 torr) or less. The chasber and smples vere
then cooled to 93°C (200°7) or lower under vacuim, after vhich the specimens
vere placed in desiccators for final cooling.

Fach lot of Morganite II specimens included tvo additicoal control specimen:
furnished by NOL vith known grephite coantent. Previously, several durnoff tests
of specimens of resin 2 only vers performed to establish the ash residue of the
resin, vhich vas determined to de 3.1%.

The specimens were cut with a hole-sav and vere 3.43 em (1.35 1n.)
dlamater by composite thickness (0.A57 to 0.762 em, or 0.180 to 0.300 in.).
of the specimens vere taksn from the cylindrical section of the vessel
uniform values, except for vessel T-1 vhich also had specimsns from the doss
muckle areas. Care vas taken to remove the innerwost portiom of each spec
to eliminate the scrim cloth and adhesive system used for bonding the cowposite
to the stainless steel liner.
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APPENCIX B
AEROJET-GENERAL STRAND TEST PROCEDURG:

Test Requirsment

The contract specified that a quantity of 12C to 360 strand tests to measure
strengths and modull vould dbe performed. A suggested procedure for performing
the tensile testing wvas provided by NOL.

Test Procedure

Aerojet prepared and tested 137 strand specimens, 52 during technique
development midwey through the program and 85 later in the progrem. A 4,540 Kg
{10,000 1b) Instron testing mchine vas used for the tensile testing of the
strands. The specimen grips vere Instron Screv-Action Model G-61-1D with smooth-
groud rubber faces. An Instron Strain-Gage Extensometer (vith a 2.54 cm (1 in.)
gage length and 500 magnification) vas used for strain msasuremsnt.

Testing techniques for Thornel 50 yarn vere developed first. In accordance
vith the suggested procedure of WOL, lengths of single 50.8 em (20 in.) yarn
vere izpregnated with resin 2 and cured. A tension of )5 grams vas applied to
the strand during the cure. At first, the »2ds of the strand vere then bonded
betveen cardboard tads to facilitate mounting of the specimsn in the test grips.
Strain mewsuremant vas attespted through msasurement of cross-head travel over
15.2~centimeter (six-inch) and 25.k-centimster (ten-inch) gage lengths of the
strand. Testing of the cardboard-sounted strands shoved representative values
for strength but low modulus valuss. This vas attributed to minor slippage of
the strand in the cardboard faces or the carddoard faces in the gripe. Since
slippage could be tolerated in the strength measuremsnt dut not in the strain
measurement, the strain-gage axtansombter vas tried by mounting it directly ca
the strand, rssulting in accurete modulus values but low strength values. The
cardboard holders were then discarded, since they interfered vith the exten-
somater and the streands vers clasped directly in the rubber-faced grips. Mount-
ing the extensomster on the strends dent them and prodadly ceused the lov
strengths. A pretensioning of 10% ves then tried before the extansometer ves
attached; this procedure proved successful and resulted in good valuss for both
moduli and strengths.

The tensile testing of Morganite II strands vas performed in the sams vay,
vith one exception. The Morganite II tow had approximately 13 times the cross-
sectional area of the Thornel yamn. Consequently, the ends of the strand needed
a groater surface avea to prevent slippage in the rubber-faced grips during
testing. The greater area vas achieved by clasping the ends of the strand
betveen flat aluminua plales during cure. A tension ¢? 4.5 Xgme (ten pounds)
per straud vas used for the Morganite tow during the cure.

-1
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APPENDIX C
PRESSURE VESSEL DESIGN
1. Design A.alyeis

The pressure vessel design parameters are showvn in Tadble C-l. The design
vas analyzed to determine stresses and streins in the filaments and liner under
various loading conditions. The Thornel 50 vessel stress-strain relationship
(at 2L°C) for the hoop windings of the cylindrical portion of the vessel and
the liner up to theoretical durst strength i1s showvn on Figure C-l. Pigure C-2
shovs tae same relationship for the Morganite II vessel.

The computer output vas used to construct pressure-strain curves, for 24°C

test temperature, to compare the msasured pressure-strain charecteristics wvith

the predicted bebavior. The predizted curves for 24°C are presented in Figure .

C-3 for the Thornsl 50 vessels and in Pigure C-k for the Morganite vessels.
The tial slightly steeper portion of the curve is dus to the losd-carrying
'“"““’08‘ the liner. As the liner undergoes plastic deformatica adove

6.89 x 10° n/m@ (1000 pei) for Thornel and 5.83 x 10° n/w? (700 pei) for Nor-
ganite, the increasing loed is taken up by the filament-wound composite. Froa
these computar results, dimsnsional and material parameters for the vessels
vere calculated, as shown in Tadle C-2.

2. Veight Avalyeis

The veights of the varinus compooents of the tank, calculated from designp
details, are ag fallows:

Estimted Weight
Morganite IT
Thornel 50 -1 Vossal® -2 Vessol?
Fonds g Bwl g ub g

—cte—

Graphits Fllament-
¥ound Ccmposite

Graphite 1.63 0.7% 1.7 0.78 1.1k 0.52
Kesin 0.67 0.30 0.67 0.30 0.45 0.20
Subtotal 2.30 1.04 2.8 1.08 1.59 0.72
Metal Liver
Hesbrane 0.55 0.25 0.55 0.25 0.55 0.25
Bosses® 1.6 0.66 1.4 0.66 1.8 0.66
BRI LN 16 e® Lm0 nE
2 3/3 wall vessel; b 2/3 wall; ¢ yedundant boss design & excessive wt.
c-1

UNCIASSIFIED



UNCIASSIFIRD
NOLIR 65-183

3. ¥Winding Pattern Calculatione®

a. Features of Thornel 50 Yarn and Morganite (Type II) Tow

(1) Thornel 50. From Union Carbide Dats Sheet, equivalent ¢ ne
diameter of indiv fivers of Thornmel 50 is 6.6 microns, or 2.6 x 10** in,

In a single yarn there are 720 filaments per ply and two plisz per
yarn, or a total of 14O filaments per yarn. The cross-sectional ares of &
single yam, Ay, is then:

Ay s he e - B g
vhere Ay = aree of single filamsnt, 1n.2
Ny = number of filaments/yarn
Dy = diameter of single filament
Ay =T (2.6 x 104)2 (1MA0) « 76.4 x 10-6 1n.2
Using another method, the yield of Thornel 50 yarn aversges 19,600

ft/l1b. The density of Thornal 50 is 0.0508 1b/in.3. The cross-sectional area
of a aingle yarn, Ay, is then:

b
L
vhere W = veight, b
L = length, in. .

denaity, 1b/in.3

8

P

- 72.3 x 210°6 1n?

A - 11
¥ (19.60C £t/1b) (12 tn./rt) {0.0588 1b/in.3)

This compares vith a cross-sectional area of 420 x 106 1n.2 for
2C-end S glass roving:

'«20!10'6”_ 5.8
«J3 X -

* Lrusentation of these calculations in both the 8.I. and English systems
would be cumbersome and difficult to follow. The English system only is
usad.

C-2
UNCIASSIPIED
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Thus, 5.8 Thornel yurns are equivalent to 20-end S glass roving in
crosa-sectional area.

(2) Morganite (Type II)
The_yleld of Morganite II tov aversge 1710 ft/1b. The density
15 0,063 1b/1n.3

H - l lb -
(1710 ££/1b) (12 in./rt) (0.063 1b/in.3)

TT% x 1076 1.2
In comparison wvith 20-end 8 gless roving, the Morgunite IT tow

11
420 x 10'6 - 0,543
TTe x 108
Dy ares, 1.8 glass rovings equal one Morganite IX tow.
b. 'Thornel 50 Winding Pattern
(1) Mt\&iﬂl
(a) of laysrs. From the design analysis, the required
longisudinal filamen camposite thickness at the squator, 70, is

0.0583 in. The number of laywrs, Ly, is established from the relationship:
« 7O  , where t = thickness of a single la:
) » 1 yer,
LI. €—.. 1 8,

From experimental laboratory vork, it has been establishe that the thiok-
pesd of & single cured layer of yarn vrepred in a side-by-sids pattern is
about 0.011 in. Therefore, lat

L, =6
-TO . O '
t, 1 R 0:0%83 40.00972 1n

c-3
UNCLASSIFIED
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(b) Number of Revolutions. The number of revolutions, Ny, is

given by:

(¢) Tape Width and Turns per Revolution. laboretory experiments
vere conducted using various cosbinaticns of yarns in bundles and vinding them
onto tune 8-in. dlameter by 13-in. long liner. DBased nn this work, it was
determined thet vinding two bundles consisting of six Thormel 50 yarms, eech
side-by-slde, would provide a good tape for vessel vinding.

The vinding tape vidth for sach dundle, Wy, is given by:
v!‘ - ?_ﬁT—
s, 1 °%g
vhere Ny = oumber of yarns/bundls = 6
Pyg = vol. fraction filamenots in composits = 0.65

Pacn O-yarn bundle has the following idealiszed cured geometry:

L‘_. 0.069 1n. _——.J J

C-h
UNCIABSIF IXD
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The nuaber of turns per revolution, N3, 1s given by:

Ay -7 D, cos 9 vhere tvo bundles of vidth Wy are used and
W
L

D, = neutral axis diameter of longitudinal filament -wound
coaposite = T.824 in.

o = in-plane vrap angle = 13°

¥y - w,g%%)ﬂ.ﬂ » 174 turns/revolution

(2) Boop

(a) Wuber of Elga. The required hoop-wound couposits thicikness,
TH, 1s 0.100 in. s composite vas vrapped vith & 6-yarn bundle.

The nusber of layers, Ly, 1s estadlished:

‘1'?—'%'1“3“'
s,h *

Experimental vinding showed better cospsction by using 9 layers. Tharefore,
use 9 laysrs and adjust ts,

«TH 0,100 _
te,n R 0.0111 in.
{5) Taps Width and Turns per layer. The required tape width 1s:

v - - (72:3 2 209) (6) . 0.0a1
z . "
s,h “vg

The turns per layer, '5' 1s:
Mg = Iy = 7.3% = 120 turns tn 7.34 1n.
3T b

c. Morganito (Type IX) Winding Pettern 3
(1) Lougitudiral
(a) hmber of layers. Iet
neé .
then e_'l-'f%-?;gl-o.oom in. |

(b) Bumber of Revolutiocns

¥; = 11 = 6 = 3 revolutions
=z

c-5
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(c) Tape Width and Turns Er Revolution. The vinding wvas accom-
plished using two )br;u_I e tovs.

ty,1 = 0-00972

Then Wp, = A‘y "y » (T74 x 10'6) (2) = 0.245 1n.
tl Pg (0.00972) (0.65)

Ry = n D, cos o

iL

- jI.SQ'oE (0.974) = 98 turns/revolutiou
(2) Boop

(o) Musber of layers. Lat
Lﬂ = 10 layers
« TH _ 0,100 _
‘u,h G Yo 0.010 in.

(b) Tape Width and Turns per layer

v, e A By o (T4 x206) 1) L o119 tn,

En By (0.00) (0.65)

W, = fow7.30 n 1.7 turns in 7.3% in.
N bt

}78
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TADLR C-1

DESIGN PARAMETERS FOR GRAPHITY FILAMENT-WOUND FRESSURE VESSELS

Liner Diameter

Vessel Length Between MWL
Neutral Axis at Bosees

Folar-Boss Diameter
Motal-Liner Thickness

Longitudinal 1lament-Wound
Cosposite Thickness

Hoop Filament-Wound Com-
peyite Thicknese

Dau?rx Burst Pressures at
75 ps
! n,/:g‘

a Three-thirds vall vessel
b Tvo-thirds vall vessel

Part A
Thoroel 50 -1 Morganite II -2 Mor te IX
Vessel Vessel® Vesssl
. cm in. cm in, [T
7.766 19.726 1.766  19.T26 7.766 19.726
12,250 3N.115 12.2% N.115  2.250 .15
2.900 7.366 2.900 7.366 2.900 7.366
0,006 0.015 0.006 0.Q15 0.006 0.015%
0.058 0.167 0.058 0,17  0.039  0.099
0.100 0.254 0,100 0.254 0.067 0.170

17.30: 106

2500
17.2h x 106

C-7
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TABLE C-1

DESIGN PARAMETERS TOR GRAPHITE FILAMENT-WOUND PRESSURRE VESSELS

Part B
Type 304 Graphite Filament-Wound
trinless Steel site
Propertiea Anpealed TDO.
Denaity
1b/in,3 0.209 0.05k 0.056
o/ cad 8.000 1.495 1.551
Coefficient of Thermal Expansicn
10./10./°F at +75 to -423°F  6.760 x 10-6 -- -
cm/cm/°C at +22 to -253°C 12.168 x 106 - -
Tensile Yield Btrength
psi 38,000 6 -- .e
o/ 262 x 10 - -
Derivative of Yield Strength
vith Respect t¢ Temperature
psi/°® <116.0 -- -
n/me/%C 1. x 108 .- -
Rlastic Modulus é
psi 29.4 ¥ 106 $0.0 x 1 3% =2 10
/=2 203 x 109 345 x 1 241 x 109
Derivative of Klastic Mdxdulus
with Respect to Temperature 50
pai/°y 30 -3500 -~
a/me/%c -99.7 x 106 k3.4 x 106 -
Plastic Modulus
pet 800,000 - -
n/w? 5.5 = 109 - -
Derivative of Plastic Modulus
vith Respect to Temperature
psi/°r 0.1 . -
n/aR/*C 1240 e -
Foisson's Ratio 0.295% .- -
Derivative of Poisson's Ratio
vith Respect %o Tesperature
1/°r 0.1 . -
1/%c 0.18
c-8



UNMCIASSIPIXD
»oLm 69-183

TABIE C-.
DESIGN PARAMETERS FOR CRAPHITE PILAMENT-WOUND PRESSURE VESSELS
Fart B (contioued)
Type 304 Craphite Pilament-Wound
Stainless Steel C. site
Properties Apnealed Mornel ;5 EEI& _!_!

Voluse Fraction of Filament

in Cozposite . 0.65 0.65
rilament, Design Allomble Hoop Longitudinal
Stress
103 pe1 at 75°P 143.0 130.0
/xR at 22°C 986 x 105 896 x 106

* rilamsnt Modwlus

.

——
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TABLE C-2

DDMENSICMAL AND MATERIAL PARAMETERS -

GRAPHITE FILAMENT -WOUND PRESSUAR VESSELS®

_Dimnsiona :
Outside Cylinder Diemeter

Qitside Diameter of Metal
Cylinder

Inside Diamster of Metal
Cylioder

Metal-Liner Thickness

Total Composite Cylinder
Wall Thickness

Longitudinal Wound
Composite Thicknass

Hoop Wound Composita
Thickness

Boss-to-Bows Length

Cylnder Langth, Tangent
to Tangeut

Forwvard Boss Outside
Diameter

ALt Boss Outside Diameter

Material Paramsters:

Liner and doss Material
Filaments Type

Resin Matrix
Liner-to-Cosposite Adhesive

a Three-Thirds Wall Vessel
b Tvo-Thirds Wall Vessel

Thornel 50 -1 Yorganite II -2 Morganite II
Vessel Vessel® Vessel?
8.082 20.528 8.082 20.528 1.977 20.26
7.766 19.726  71.766 19.726 7T.766 19.726
7-75%  19.695  T.754 19.695  71.T5h  19.695
0.006  0.01% 0.006 0.015 0.006 0.015
0.158 0.h1 0.158. 0.B01L 0,106 0.269
0.058 0.147 0.058 0.187 0.039 0.099
0.100 0.25k 0.100 0.254 0.067 0..70
13.16  33.43 13.16  33.43 13.16  33.43
7.3 18.64 T.3%  18.64 T.38 18.64
2.5 1.3 2.90 T1.31 2.90 1.37
2.90 T.37 2.90 T.37 2,90 T.37

Type 304 Stainless Steel (Annealed)
Thornel 50 or Morganite (Type II)

Epon 828/fapol 104O/DEA/BDMA

Adiprene L-100/Epi-rez 5101/MOCA (80/20/17)

¢ Tdentification information (continued next page)

Cc=-10
UNCIASSTPIRD
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TABLE C-2 (continued}

Identification {information:

Thornel 50 pressure vessel, Aerojet drawing No. 126921k-1
-1 Morganite II pressure vessel, Aerojet drawing No. 1269220-1
-2 Morganite 11 pressure vessel, Aerojet draving No. 1269228.2

Liner for Thornel 50 vessel, Aerojet draving No. 1269205-1

Liner for -1 jorganite II vessel, Aerojet drawing No. 1269205-1
Liner for -2 Morganite II vessel, Aerojet draving No. 1269205-1

Internal volume for Thornel S5O vessel - 511.3 cu in.
8379 ¢u ca
Internal rvolume for -1 Morganite II vessel - 511.3 cu in.

8379 cu ca
Internal volume for -2 Morganite II vessel - 511.3 cu in.

8379 cu cm

ca
UNCTASSIFIRD
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Stress, Newtons/ Meter2

o
i

P
1

NOLIR 69-183

0 x 1P ' 1
8 Assumed critical
10 */ filament stress
150 f—--~ -~} —
>
~ Hoop filaments / Burst Pressure
E Py, = 2500 psi
$W- —— - - —
& Liner zero
] strain base
=
=2
& 0|—|—-
- ' R O
e
5 | Liner
0 | l
.001 . 002 .00 . 004 005
l ‘ Biaxial Strain, cmfcm
Mandre! removed 5
-50 Mandre | 1

FIG. C-1 THORNEL 50 PRESSURE VESSEL

v

S=STRAIN RELATIONSHIPS

HOOP DIRECTION OF CTLINDER, 22°C (75°F)




Stress, Newtons/ Me'ter2

NOLIR 49-183

[— 20 x 1060 ;
12x 108 Assumed critical
filament stress
10— Byrst Pressure -,
~ Py = 2500 psi 'T
3 S
= Hoop filamants
3 10 ®
:‘E Liner rero
“ strain base /
€
4 3 /
< 50— /
7
5; Liner
o o l
.001 .00 .08 . 004 005
Blaxial Strain, cmicm
Mandrel removed ]
Lo _m 1 |

FIG. C-2 MORGANITE (TYPE IT) PRESSURE VESSEL STRESS-STRAIN RELATIONSHIPS,
HOOP DIRECTION OF CYLINDER, 22°C (75°F)
(THREE-THIRDS WALL VESSEL)
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Vessel Pressure, r-'c»:'ar‘tons./Meter2

3000
ZOT 106
Design burst pressure
16
o~
5 Longitudinal direction
=
3 2000 |-
35_ Hoop diroction
12 w
b2 /
e |
&£ 150
o
3
g o Uiner yleld
[« W
< 1000
A
Y
>
4 —
500
o 0
0 001 .00 (111] . 004 . 005

NOLTR 69-183

Strain, emicm

FIG. C-3 THORMEL 5C VESSEL PRESSURE - STRAIN RELATIONSHIPS

56



Vessel Pressure, Pwia'ftonslMeter2

20x10

o)
o

—
~

oo

NOLTR 69-1%3

B — = | — = e

Design burst pressure.

Longitudina! direction
Long ~

g

/.
V4

Pressure, Pounds Force/ lnch2

1000 -
—~Uner yleld
500 ////
0
0 .001 .0 .08 .004 .005
Strain, cm/cm

FIG. C-4 MORGANITE (TY

PETD VESSEL PRESSURE-STRAIN RELATIONSHIPS

(THREE-THIRDS WALL VESSEL)
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APPENDIX D
FARRICATION (F VESSEL LINERS

The liners vere made of SS 30k stainless stesl, 0.0l5 cm (0.006 in.) thick.
The liner head sections vere formed by sandwiching the liner betveen steel
sheets and forcing the sandwich through a ring using & plug of the proper
contour. After heat treatment Lo relieve stressee introduced in fadrication,
the head section was removed from the sandwich and trimsed, and the opening for
the polar boss wvas punched.

The polar bosses vere mechined from S§ 304 dar stock in eccordance with
Fibure 4b in the maip text; particular care vas taken to maintain the thickness
of the flange. Welding doublers used to join the head to the boss vere fabri-
cated from 0.020 cm (0.008 in.) thick stainless steel foil. A slight radius
vas rolled into each doubler to provide close contact betveen the head section
and the boss flange.

The cylindrical section vas rolled from 0.015 cm (0.006 in.) thick 33 304
foil and vas roll-reaistance sean velded to the required diamster.

The liner components vere Joined by roll-resistance seam velding after bdeing
fixed in position by spot velding. The bosses vere first velded to the beads.
The doubler was used over the head to minimite damage to the thin liner and to
assure wveld integrity and, thus, prevent leskage. The heads vere then joined
to the cylinder with the aid of a curved electrode inserted through the doss
opening.

Two leak checks vere made on each tank ~=the first, a soap eolution
loak test under an internal pressure of 48 x 103 n/m@ (7 puS, and, the second,
a helium leuk check with a mass spectrometer at a pressure differential of

130 x 103 n/w? (20 psi). All liners passed the tests.

Folloving the helium leak check, the liners vere cleaned and etched, in
accord with Aerojet Process Standard AGC 1221 which requires cleaning in a
solution of 63% nitric acid and 0.h% hydrofiuoric scid. Esach liner vas dried
and wnclosed in & polyethylens dag until it vas used for filament winding.
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APPENDIX E
VESSEL WINDING PROCEDURE

Appendix B contains a description of the fibers, the vessel winding and
curing, and the preblems cncountered.

1, Craphite Filament

The graphite filament used for the winding of the tvelve vessels was supplied
by KOL. In-process impregnation of wet resin was required by the contract.

a. Thornel 50. Twelve 450 gm (one-pound) rolls of Thornel 50 were surr’ied
for the winding of the first six vessels. The manufacturer of the yern {(Union
Carbide) provided tensile strength end modulus data marked on each roll. These
data are shown in Tsble 1 of the min text.

The cross-gectional area of Thornel yarn is apyroximately one-sixth that
of a0-end glass filament roving. Immgitudinal windiag with such a small area
yarn can lead to excessive buildup of the composite around the polar bosses of
a pressure vessel unless a number of yarns are gataered to form a wider ribbon
or tape. A number of combiunations of yarn cour’ (simulated by a three-end glass
roving representing each Thornmel yarn), twms per revolution, and revolutions
per vessel were tried for longitudinal winding to minimize the buildup at the
boss. A review of the results led to the seleccion of two yarn bundles, each
bundle consisting of six Thornel 50 yarnms, for the longitudinal winding. For
hoop vinding, a single bundle of six yarns was selected. This information vas
used in the design analysis and winding pattern calculations, Appeniix C.

In support of this concept of six-yarn bundles, six rolls of Thornel 50
yarn vere ccllated into a bundle and rewound on & Leesona way-winding machine,
stopping aftor collation of enough material for the winding uf one vessel. After
the first vessel was successfully wound, the balance of Thornel 50 yarn vas
collated intvo six-yarn rolls.

During the collation process, numerous breaks and splices were encounter-
ed in the yarn as it paid off from the spool. At times the yam broke at ten-
cions estimted at less than one-tenth kilogram (one—quarter pound) per yarn.
Visual inspection of the rolls showed small surface cuts across the exposed
€ vface O. the yarn as received. Also, the broken end of one ply of the yarn*
vas buried wnder adjacent winding tums; this was judged to be the cause of
some of the breakage. A third source of lreakage was the presence of yarn
splices in the as-received roll, numbering from five to eight per roll. These
splices vere fcund to be wound into the roll, apparently without allowing time
for the splicing glue to dry. This tended to make the splice stick to the
balance of the roll, causing breakage auring ofsivinding.

# Thornel 50 yarn is composed of two plies of 720 filaments eech.

E-1
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The number of breaks sncountered during the re-spooling process varied
from two to twenty per roll. It is estimated that the re-spooling tension on
f:he six-yarn bundle vas detveen 0.5 and 1.8 xilograms (two and four pounds) for
the dbundle. Although the re-spooling caused breeks, it also upgraded the
re-spooled materisl vhere 1.8 kilograms (four pounds) wvinding tension could be
applied to the bundle during subisequent vesssl vinding, thus minimizing, though
not eliminating, breakage at this point.

b. Morganite II. Five and four-tenths kilograms (twelve pounds) of Morganite
II tov were furnished for use on the contract. Shipment vas in three lots of

1.8 kilograms (four pounds) each, vith a total of sixteen rolls.

The initial shipment sustained extremes handling damage, in apite of the
vell-designed peckaging. The denting of metal cans swrounding the plastic
spools vas 80 severe that the. cardboard cushicns vrapped around the comtinuous
tow vere compacted tightly on the surfasce of the spooled Morganite tov. The
supplier's values of teasile strength and modulus vere not marked on the roll
or container but vere provided oo a supplementary sheet or vere provided to
Asrojet by MOL.

The tow, as received, vas saverely lacking in cross-sectional wmiformity
and integrity snd displayed numerous soarls and spooling effects which con-
tributed to tow dreakage during vessel vinding. The ragged construction of
the tov led to pickup of filameats from ocoe turn by adjacant turms until
a sufficiently small cross-section remained so that a 1.8 kilogram (four-pound)
tension resulted in tov breakage. Tov hreakage during winding occurred on the
average of one or tvo times per vessel. Tle cross-sectional area of Morpganite
I{ tow vus sufficiently large to allov vessel vinding using wo tows oo the
longitudinal mode vithout encountering severe buildup around the polar bosses.

2. [Preparition for Filament Winding

A resin adhesive vas applied to the liner before filament vinding to better
distribute the expansion of the thin metal liper to the grephite cosposite
during [rrssure testing. The process consisted of cleaning the liner with a
paste clemner, priming it, and applying the adhesive, using a thin nylon scrim
cloth over the metal liner to provide a uniform adhesive thickness of approxi-
mwately 0,000 c¢m (0.003 inm.).

3+ Vessel Winding

The tanks vere filement vound using a combination lougitudinal- and hoop-
vinding macaine.

The winding shaft vas installed in the liner, mounted in the vinding machine,
and the adhesiva system applied to the liner. The longitudinal pattern vas
tried, using 2C-end glass roving to confirm the vinding pattern. Tvo ¢n three
plics of No. 112 glass cioth fabric were srplied to the liner weld areas for
fairing-in the lap joints used in roll-resistance seam velding.

An e -resin system consisting of Epcen 828, NSA, Fmpol 1040 and BDMA
(resin 2) vas used for filament vinding, as specified from Task I work. On the

E.2
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first vessol (Thornel 50 vessel T-1), the resin was brushed on the liner and
the composite during winding, with rilament tensioning, before impegnation,
provided by a hysteresis type of tensioning device. The NOL Program Manager
advised that a better "wetting-oui" of the filament could be attained on a
nontencioned graphite yarn. Accordingly, the resin system vas applied on all
subsequent vessels (except the last Morganite II vessel) by passing untensioned
yarn through a resin pot before applying tension by a Prony breke tensioning
device. On the last Morganite II vessel {Tank M-6), the material furnished
vas in very regged and fuzzed condition and a bdrush applicatiocn of resin vae
used to minimize damage to the yarn sustained vhen passing the vet wmaterial
through subsequent Prony brake and payoff rollers.

One revolution (two layers) of resin-impregnated graphite yarn or tov vas
wound longitudinally over the liner assembly followed by three layers of hoop
vindings in the cylindrical section. Yar Thornel 50 vesssls and “turee-thirds
wvall” Morganite II vessels, the sequence of obe longitudinel revolution plus
three hoop layers was repoated two more times to develop & total composite wall
of six layers of longitudinal and nine layers of hoop vindings. In the “tvo-
thirds vall" Morganite II vessels, only two revolutiocns of longitudinal winding
(four lsyers) and six layers of hoop winding were deposited. The vinding
mandrel wvas interually pressurized to maintain proper size and shape as the
fiber windings vere put on. Tempersture sensors (copper-comstantan thermo-
couples for ambieat and ligquid nitrogen tempersture testing, and platinum
resistance transducers for liquid nitrogen and liquid hydrogen temperature
testing) wvere vrapped into the composite wvall, under the last two layers of
hoop winding. Extenscmeter attachment pins vere vound under the last hoop
layer. Problems encountered in filament winding and curing of the relatively
thick graphite filament-wound composite ave discussed in & subsequent section.

L. VYessel Curing

The contract originally specified that the vessels vere to be vacum-bagged
during curing. Accordingly, a study vas performed wsing flat composite sections
and Aerojet's standard small filament-vound test bottles (10.2 cm diameter by
15.2 cm long (b in. diemster by 6 in. long)) to determine the appropriste time
and temperature of the first stage of curing at vhich vacuum could be apylied
to the vessel vithout causing excessive squeese-out and flov of the resin and
subsequent relaration of wvinding temsion. Although the study yielded a cure
process which gave the firm composite structure desired for the 20.3 ca dia.
by 33 cm long (8 in, dia. by 13 in. long) vessels covered by this program,
difficulty vag encountered in the vacuum bag cure of the larger, thicker
vessels and the vacuum bag technique vas discontinued, vith the concurrence of
NOL, after the cure of the first tvo 20.3 cm (8 in.) tanks. Instead, the
composite was staged overnight under heat lasps at a temperature of 52 to 66°C
(125 to 150°F). The vessel vas rotated slowly to eliminate resin nmoff.
Although the reain coatent of the composite was higher than desired, due to the
vet-vinding process, the overnight stagiog firmed the structure sufficiently
30 that bleed-out and relaxation during the finmal oven cure vers not experienced
to any great degree. The final oven cure cycle was two hours at 93°C (200°r),
tvo hours at 121°C (250°F), and four hours st 1%9°C (300°F). The step-cure
used slov rates of temperature increase in a further attempt to minimize resin
flow-out. Internal pressure vas maintained in the mandrel throughout the cure

B-3
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cycle. After cure, the vessel wes cooled slowly to room temperature; then the
winding shaf't removed. The vessel interior was cleaned and drjed and its
final veight recorded before pressure testing.

5. Winding and Curing Problems

Yarn and ply breakage in the case of Thornel 50U and tow breakage in the
case of Morganite II was a serious problem during filament vinding. The
winding tension attempted wvhen the material wvas running smoothly vas four
pounds for the bundle of six Thornel yarns or a single Morganite tow. Good
sections of Thornel yarns had a breaking strength of 1.8 to 2.7 kilogrems (four
to six poundo) and Morganite II tov showed & breaking strength of about 36
kilograms ({" pounds) in the as-received conditions, directly from the roll.
The low brearing strength encountered in winding is attridbutadle in part to
lack of uniformity in the material, since the breaks occurred many times in
both types of material in strands vhich had not as yet passed through the resin
pot, Prony brakes, or pay-off rollers. If the Thornel 50 yarn had not deen
previously screened by the collation procedurs, the incidence of breakage vould
have been still higher. PFassage of the yarns and tows through pots, rollers
and brakes caused further visible dammge, even though low temsion (0.9 to 1.
kilograms (two to four pounis)) vas maintained and squeegee rollers om the
resin pot vere padded vith soft rubber.

When the low breaking strength during vinding is compared to the breaking
strength of a cured resin-impregnated strand, a gain in strength of 30 to 100
times i{a seen. This points out the necessity for shear transfer detveen the
filaments during winding vith the vet resin to maintain acceptadble vinding
tension. It 1s believed that the stress transfer may be odtained by use of a
ductile but advanced preimpregnated yarn.

Another problem in the fllament vinding wvas the inability to run vith a
lover resin content, as a result of the requiremsnt for in-process resin pot
impregoation. The squeegee rollers vers run vith light pressure and soft
padding to minimize filament damage, and as a result, resin contents by weight
vere 50 to 60% wvhen checked at the vessel.- This gave a tendency tovards
slippage in the winding, vhich vas comnlicated on longitudinml vinding by &
relatively large boss-to-chasber diameter ratio and a 1.5 length-to-diamster
ratio. The slippage wvas counteracted in several ways. First, the winding
tension vas reduced from 1.8 to 0.9 kilograms (four to twvo pounds) at the
knuckle area. Second, the resin in the impregnation put was heated to 46°C
(L15°F) to reduce its viscosity and reduce resin pick-up by the strand. Third
th, longitudinal layers vere sdvanced {n their cure by exposing to 52°C (125°r}
overnight prior to additional winding. When major breakage wvas encountered,
the wvindiug ves stopped and & nev start vas made vith an overlap from one to
tvo centimeters (one-half to three-quarters of an inch) vide.

The problems of light temsioning and filament slip,age resulted in a "soft"
vound structure with high resin cootent. Thickness wvas about 0.635 em (0.25
in.) thickness and, as mentioned previously, difficulty was encountered with
vacuum bag curing of the initial 20.3 am (8 in.) diameter vessels.becawse of
fiber wvash. This caused buckling or vrinkling of the composite, thus destroy-
ing the remaining pretensiocaning and causing serious stress concentration areas.

B-k
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ypical vacuum-bagged surface is shown in Pigure 5 of the wain text. The
uum-bagging process vas therefore discontinued ard a prestaging and final
n cure without composite compaction was utilized. The relatively thick
phite rilament-wound couposite caused by the light tension, filament

ppage, and high resin content was a structure vhich gave visual indications
being less than optimum in strength.
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APPFNDIX ¥
VESSEL CRYOGENIC TEST FROCEIURE AND INSTRUMENTATICON
1. Cryogenic-Test Facility

Liquid nitrogen (ma) vas used to pressurize the vessels for the -195°C
(-320°F) tests, vith the pressurizaticn rate regulated by gas coutrolled valves.
The test fixture consisted of a vacuun chamier with provisions for instrument
leads and vacuum-jacketed pressurization lires. The chamber interior and ex-
terior vere coated with aluminum paint and a laysr of aluminum foil was insialled
inside to provide additional reflective insulation.

To aid in maintaining minimum test temperatures, the vessels installed in
the vacuum chamber were equipped with external cooling coils through vhich
liquid cryogen (nitrogen or hydrogen, as applicable) vas floved at essentially
atmospheric pressure. A cylinder of reflective foil insulation wvas used arownd
t.he exterior.ﬁ ling coils. The vacuux chasber wvas pumped down to 5.3 x 10-2

(4 x 10™* mm Hg) to assure maintenance of the required temperatures. The
tank temperatures vere maintained as low as porsible, and thermal equilibrivm
was obtained before testing was initiited. Thermal equilibrium for liquid
nitrogen testing vas defined as a vessel flange or skin tempersture of -184°C
{-300°F), or less, with -190°C (-310°?), or less, at the vessel outlet vent
line. For liguid hydrogen testing, the two temperatures were -240°C and -246°C
(-LOO'F and -410°F), respectively.

2. Instrumentation

Texperatures, longitudinal and circumferential strains, and inteymal
pressures of the vessel test specimen vere monitored throughout testing. ragure
PF-1 saows the instrument locations.

The electronic and digital equipment used for these measurements wvas cali-
brated periodically, aguinst standards traceable to ths Naticoal Bureau of
Standards, by the Metrology Department of the Aerojet Quality Coutrol and Test
Division. The calibration records are on file at Aerojet.

Platinun resistance thermometers and copper-constantan thermotouples were
used in the -196°C and -253°C (~320°F and -423°F) tests. The measurements vere
made on the exterior surface near the tangency at one end of the tank. In
addition, the temperatures of the cryogenic fluids inside and outside the tank
vere recorded.

The Aerojet-developea "tow-tie" extensometer vas used to make strain
masurements. It consists of a piece of beryllium co,per sheet in & cocfigura-
tion that provides two cantilever beans fitted with bonded strain geges. Metal-
foll strip, apixoximately O.64 cm (0.25 in.) wide, was used to link the bean
ends to the gage-length end points. Both the éxtensometers and the foil strips
vere positioned against the test verael surface. The small deflections of the
high-modulus graphite-filament-wound tanks required the development of a special
bow-tie extensometer configuration that would accurately measure the low strains
encountered.

‘ 5
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For girth (hoop) strain measurements, a tuin metal strip was placed arownd
the cylinder and secured to opposite ends of the extensometer; circumferential
deflection resulted in a proportional output of the gages on the cantilever
beams. For longitudinal-deflection mesasurements, metal strips were affixed to
instrumentation-pin terminals wound into the tank near the ende of the cylindri-
cal section. The atrips were run along the cylinder longitudinally; the
cantilever-beam ends vers connected to the ends of the strips st the midsection
of the tank. A longitudinal aerlection produced a proportional strain-gage
output.

The accuracy of the strain gages depends on the gage factor, which is
extremely sensitive to cryogenic-temperature variations. To provide the
required accuracy, the concept of controlled-temperature strain transduction
wvags employed: Hoeaters vere provided to maintain the gage temperstures within
their compensation range, and & sensor vas added to record the vessel-surfece
tomperature in the vicinity of the extensomster. Tluis sensor wvas used to
verify that the heat input to the extensometer did not varm the tank surface
significantly in the region of the transducer. Thermal insulation vas used
under the heated extenscmeters to minimize heat trancfer to the vessal. The
test dsta shoved that no significant vessel varming vas produced. Pigures
F-2 and F-3 shov vessel temperstures during test.

Before testing, each extansometer vas installed on the vessel and shunt
celibratad under ambient conditions throughout its anticipated range of
deflection. The gage fantors did not vary under cryogenic conditions, decause
the neaters kept the gages essentially at the ambient temperature. Monitoring
during t.ue cryogenic tests revealed that the gage. were usually maintained at
24 & 11°C (75 $20°7). Because the gage factor varies only 1% per 3B°C (100°F)
change in the 24°C (75°F) range, there was negligible loss in accurscy.

To calibrate for longitudinal displacements, the distance betveen the bow-
tie attachment points or terminals (L,) vas carefully msasured. The instrument
and its metal-strip extensions vere tﬁcn stretched to the maximum expected
deflection, using sccurately determined positions (ALp). The strain vas cal-
culated as Al,y/1, to indicate the total betveen the tvo attachment points. To
calibrate the girth extensometer, the tank circumference (L)) vas msasured
and the bov-tie attachaent band wvas moved to produce the maximm expected
derlection (AL,). The girth strain vas calculated as 8L)/Iy. Calidbration vas
performed under ambient conditions, and a shift in the zero point occurred due
to thermal contraction wvhemn the tank vas cooled to cryogenic levels. To correct
tor this shift, it wvas only necessary to reset the recorder to zero, because the
repeatablility under antbient conditions wvas essentially linear and the heaters
maintained ambient temperatures.

Two types of long-vire strain gages® vere provided by NASA, Levis Research
Center for evaluation on the test program. The evaluation was desirsdle
because of the extremely low cost of these gages. Two strain gages of each

* The strain gages vere Model No. A-9 (cellulose-paper-backed) and Model No. AB-9

(phenolic-glass-backed ) manufactured by BLH Electronics, Waltham, Mass., &
Division of Baldwin-Lima-Hamilton.
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type vere installed on each of the six Morganite Il vessels. Oue strein gage

of each type wvas installed in esch of the longitudinal and hcop directions using
resin 2 (the recin used in the filament-winding of the vessels) as an adhesive.

The strain gages were adhered to the cured surface of the vessel and the vessel

wac cured an additional twvo hours at 149°C (3LO°F), adequate for the thin layer

ol wdhesive.

On tests at -195°C and -253°C, the strain gages failed during cool-~dowvn of
the vesscl, as evidenced by a sudden open circuit observed in the strain gage
circuits, and thus gave no strain results.

On tests of vessels at ambient temperatures (Serial No. M-1 and MN-6) the
atrain gages finctioned vell and showed reasonably close agreement vith the
bov-tie extensomaters used as the prime strain msesurement instrumsnts. The
recorded strain is plotted for comparison on Pigures 35 and LO of the main
text. Cn vessel N-6, both peper-backed strain gages recorded up to the failure
level of 0.4 to 0.5% strain, but one phenolic-backed strain gage failed sbout
bhalf-vay through the test at a strain of 0.25%, giving erratic readings &t that
point which were attributed to adhesive fallure. The second phenolic-backed
gage failed to give representative strain readings at any time during the test,
vossibly because of a broken wire.

On vessal M-1, three strain gages measured strain all the wvay to the vessel
burst point, a strain of O.4%., Tvo of the strain gages vere phenolic-backed
and une vas paper-backed; the second paper-backed gage failed to provide usadle
readings.

It appears that ssch of the two types of strain gages are acceptadle candi-
dates for further evaluation at ambient temperature but should de used redundant-
ly duc to their apparent lack of reliability. Redundant use, hovever, adds
additional testing coat due to the additiona) nuzber of instrumsentation chamnels
required, and there is no saving over bow-tie extensometer utrein measuressnt.
Neither of the tvo types of long-vire strain gages appears feasidls for cryogenic
testing.
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Nead for low-vweight, cryogenic yessure vessels for spacecreft resulted in NASA,
loris Nnding an investigation at NOL to msasure greaphite fiber composite properties
at cryogenic temperatures. The investigation wvas divided into six taske; only Tesks
1 and II are reported herein. mxmumnmmummmor
saveral fiders and resins as composite strands , and ROL rings and showed that
m-xumwwwow“nm‘c aod ccaposite tensile strengths |
decreased by 0 to 30%. munumnsumumuummm
deteriorated rings less vhem 0c0)d than when &t yoom tesperature. Thermal contiwction
tests of cosgposites showed the graphite fiders to have & slight negative coefticient.
Combined vith u-mnemxm,mmn-mmmmmwux.”
strain vhen cold dus to its thermal coatraction.

Mnn-tu«-m,mum,mmmofuwurm‘tw
Pressure vessals and vas contracted to the Aerojet-Osnerdl Corporetion, Aswes, Cali-
fornia. Vessel ultimate strains of 0.2 to 0.5% wvere found, which are generally com-
patible vith the stainlest steel liners used or vith other candidate liner materials.
The pressure vessel performance factor of WA ahowed the graphite vessels to be com-
petitive with boron and tvo-thirds as high as fibecslass.
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